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POSSIBLE EFFECTS OF NUCLEAR SPIN ON X-RAY TERMS 
By G. BReEIT 
DEPARTMENT OF Puysics, NEW YORK UNIVERSITY 


(Received May 5, 1930) 


ABSTRACT 


It is shown that magnetic moments of nuclei are likely to cause small but pre- 
sumably measurable separations of x-ray terms. A nucleus having a spin of 9/2 (in 
units of /27) and a magnetic moment 9/2 in protonic units should cause the K 
terms of the heaviest elements to split into two components separated by about 22 
volts. Such separations require for their detection a resolving power of 4200. For 
lighter elements the effect is relatively smaller. The same nuclear spin and magnetic 
moment would cause a separation of only 0.9 volts in Mo which would require for its 
detection a resolving power of 1.9 104 

The calculations are made using Dirac’s equation for a single electron without 
approximations. The effect of electrons in another shell, however, is neglected. It is 
estimated to be very small for a single K electron. If the observation of hyperfine 
structures in the A series of the heavier elements proves feasible, it should offer a 
simple means of determining magnetic moments of nuclei having a known spin. 


HE hyperfine structure of spectral lines is at present attributed to the 

nuclear spin. The quantitative theory of the effect has been worked out 
by Hargreaves, Fermi, Goudsmit and Bacher and by Casimir.’ A quanti- 
tative application of the theory is simple in a few cases such as e.g. the Li* 
hyperfine structure. For most spectra it is necessary to use approximate 
solutions for the electronic eigenfunctions which are at present usually car- 
ried out by the Hartree method. Quantitative determinations of the nuclear 
magnetic moment become, therefore, difficult. An examination of Fermi's 
result shows however that the order of magnitude of the effect can be expected 
to be much larger for the spectral terms in the x-ray region than for visible 
spectra. The absolute value of the splitting of an s term due to a single 


electron is according to Fermi 
(F) (Sr 3)[ (2k + 1) k | upop?(0) 


where & is the angular momentum of the nucleus, uw its magnetic moment, 
My the Bohr Magneton, and (0) is the value of the Schroedinger function 






1 J. Hargreaves, Proc. Roy. Soc. Al24, 568 (1929). KE. Fermi, Zeits. f. Physik 60, 320 
(1930). S. Goudsmit and R. F. Bacher, Phys. Rev. 34, 1501, (1929). S. Goudsmit and L. A. 
Young, Nature, March 22, (1930). 
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at r=0. For large atomic numbers the value of ¥(0) for a (1s)K electron is 
large. In fact it is seen that ¥°(0) must increase as the cube of the reciprocal 
of the radius of the A orbit i.e., as Z* where Z is the atomic number. The 
energy of the A level increases only as Z* so that the splitting Av increases 
more rapidly than the term value v. The values of the magnetic moments of 
the nuclei are not known at present and so it is necessary to be content with 
approximate estimates using the known orders of magnitude derived from 
hypertine structure observations in the visible region. Making such esti- 
mates it is found that for heavy elements the separation Av may be expected 
to be of the order of 1/5000 of the frequency of the A line. The double 
crystal spectrometer developed by Bergen Davis appears to offer at least 
a possibility of observing such separations. The main purpose of this note 
is to call attention to the possibility of determining the magnetic moments 
of the nuclei by means of observations of the hypertine structure of the lines 
in the A series. Corresponding effects in the L and VJ series are estimated 
to. be smaller, though not necessarily beyond the range of experimental ac- 
curacy. 

In order to form proper estimates for the case of x-rays it is necessary to 
perform somewhat more precise calculations than those of Fermi. The in- 
accuracy of his method lies in the fact that E+ (Ze? r)+mc* is replaced by 
2mc*. This is a good approximation as long as the region of large values of 
Ze’ r is relatively small and as long as E~mec?. Both of these conditions are 
satisfied for the lighter elements. The approximate dimensions of the re- 
gions in which the eigenfunction is appreciable are then of the order of 10° 
em while e’/r>me? only if r<2.5X10°" em. For the heavier elements this 
is not so because the charge density is more concentrated and Ze? ris greater 
for the same r. It thus becomes necessary to use exact solutions of Dirac’s 
equation as a starting point in the calculation of the perturbation due to the 
magnetic moment of the nucleus. 

Using Gordon's form of the solution of the Dirac equation for a Coulomb 
field of force? it is seen that for s terms of a single electron any set of four y's 
can be expressed as a linear combination of the following two sets 


WV, = ((2/r) cos 0¢;,(7/r) sin 6e'°¢;,¢2/r, 0) 


(J) 


W. = ((7r) sin 0e° °¢,, — (ir) cos 8 o,0,02/7r) 


where $1, @2 are two functions (denoted by Gordon as Yi, Wz) given by 


(G) o, = (1 — E/me*)!'*(0, — o2); do = (1 + E/me*)' *(0, + oe) 
where a, = coer F(— vn + 1,29 + 1; 2kor); p = (1 — a’)!? 
a. = cy e~ ©" F(— n’ 2p + 1; 2kor); a = I2nZe*/ he 


ax ala + 1)x° 


F(a,B; x) = 1+ + ky = (2eme/h) [1 — (E/me?)? |!" 
1!e 2'B(B + 1) 

co? /eg? = — n'/[1 + afl — (E/me?)?)-'?]; E/me? = [1 + a2/(n' + p)?] 

Here n’=0, 1, 2, --- for (1s), (2s), - ++ terms. 


2 W. Gordon, Zeits. f. Physik 48, 22 (1928). 
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In particular for (1s) terms co"’/co®’ =0 and o2 contains only one term. 
The perturbation function due to the magnetic moment of the nucleus 
we take to be the same as Fermi’s 


w = (e/r')alu X r]. 


The unperturbed orthogonal Eigenfunctions can be taken to be 


corresponding to angular momenta 


(k+3,k—3,---, —&—3)(h/2e) 


To every angular momentum in the direction of the Z axis there correspond 
in general two unperturbed functions. Each of these is a rectangular matrix. 
The superscripts (1), (2) indicate wherther VW, or V2 of I are used. Thus the 
function u“;,_, has for elements zeros in the first / rows; VW, stands with its 
four elements in the /th row, and the remaining elements are zero. This is 
exactly as in Fermi’s article. We remark that in the secular determinant 
we can have matrix elements only between such functions which are in the 
same vertical column of (1). 

There are two multiple roots of the secular determinant one of which 
occurs 2k+2 and the other 2k times. The functions at the extreme right 
and left correspond to the first of these two roots. This can be calculated 
first and the remaining root can be ascertained by obtaining the diagonal 
elements of the subdeterminant formed by the combinations of any other 
' dr. This integral 
sign is of course understood to include in it a summation over the indices of 


vertical pair in (1). The first root is therefore fu,*"w u; 


the matrix eigenfunctions. The operations uw are on the columns and the 
operations a are on the rows. We are therefore only interested in that part 
of wa." which on performing the operations uw involves the index k. This 
1 


part is due to w, and is (eu/r*) (vay—ya,)u; The remaining operation is 


entirely on V,;. Performing it and substituting in the intergral it is found 


that 
x 
vw, = i) uy. O*wu, dr = (16m Jeu f (d)62/r*)dr (2) 
0 


This is therefore one of the roots. The sum of the two roots is [[m,—1"* 
w ux +u,* wu, ] dr, with the same understanding about the integral 
as before. The calculation of the first term in brackets is the same as before 
with the difference that a factor (k—1)/k is introduced. In the second term 
the result (2) is obviously obtained but with opposite sign due to the occur- 
rence of VW. instead of ¥,;. The sum of the two roots is therefore 


a) + We = — DW k. (3) 
Hence 


Av = w, — We = ((2k + 1)/k) wr. (4) 
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The difference between this result and Fermi’s can be expressed by saying 
that Fermi’s 
y-(0) > (Je Mo) | YO» r-)dr = — (Srmc sh) (Diy r°)dr. 
ey 0 e 0 

Equation (4) is practically exact for any s term; in a Coulomb field the only 
approximation made being that of supposing the effect of the nuclear mag- 
netic moment to be small. 

In applying (4) it must be remembered that @:, ¢2 are supposed to be 
normalized in such a way that 


as is obvious from (1). For (1s) terms 


od, = — Cll — (E/me?)]" 2c Merve; 62 = C[1 + (E/me?) |! 2e-re, (6) 


These expressions are substituted into (4), the normalization constant C 
being determined by (5). The integrals are expressible by means of the 
I function. Using ['(v+1)=xT(v) and the relations G it is found that the 
exact quantity which replaces Fermi’s ¥°(0) is (see (4’)) 

(4armic/h)*(a? 8) [ 2p? — p)'. (7) 

° e ro. ee a o ° ° 

Here the first two factors are Fermi’s ¥7(0). and the factor in brackets is a 
correction due to relativity effects brought in by this calculation.* Substi- 
tuting (7) into (F) 


Av = 0.0109Z%(k + 3)(1840u 2kuo) (2p? — p| ‘om=* 
(SN) 


= 2.08(Z7,100)*(k + 3)(1840p 2kuo) [2p" _ p| 'yvolts. 


In order to estimate the order of magnitude of the effect we suppose that 
k=9 2 and that 1840u=2kuo. We find for 


U Bi W Mo 
Z= 92 83 74 42 
Av = 22.5 12.6 7.3 0.896 volts 
VKa= (9.395 7.436 5.912 1.734) X10! volts 
VK,/Av= 4175 5911 8092 19361 


Of these elements Bi is known’ to have a nuclear spin 9/2. It is clear from 
the above table that for the heavier elements the separation is sufhciently 
large not to be confused with chemical effects and that the resolving power 
tabulated in the last row is sufficiently small to make the possibility of ex- 
perimental detection of Av at least hopeful. 

In a similar way the separation of 2s terms has been worked out. In this 
case the correction factor to Fermi’s formula is 


[2/(1 + p) }®/2[1 + (2p + 2)'/2]- [p(4p? — 1) ]-?. 


* In fact it is readily found that ¥2(0)= 1/mao'n* where ao= h?/(42°mZe?) and n is the total 
quantum number. 
3 E. Back and S. Goudsmit, Zeits. f. Physik 43, 321 (1927); 47, 174 (1928). 
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This correction factor is even larger than that derived for 1s electrons. For 
U it is 3.94. Neglecting screening the splitting of the Z,; level of U can be 
expected to be 3.94/2.78 X (1/8) =1/5.64 of the K level splitting. For the 
lighter elements this fraction approaches 1/8. It is presumably much less 
accurate however to apply the present method of calculation to the L elec- 
trons because screening effects must be more important here. Their import- 
ance may be expected to be least for the heaviest elements. The order of 
magnitude of the splitting of the Z;,; level of U supposing its nucleus to have 
a spin 9/2 and a magnetic moment 9/2 proton units is 4.0 volts. The fre- 
quency of the Li,—A/q line of the Z series is 1221X13.55 volts. For the 
L series v/ Ay is therefore also of the order 4150. This estimate is, however, 
not as accurate as the one for the K series on account of the screening effects. 
It is mentioned here only because it is of interest to see that the same order 
of magnitude of the splitting can be expected for both series and because the 
L series is more accessible experimentally.‘ 

The writer is very grateful to Dr. E. Wigner for an interesting discussion. 


‘ A single observation ofthe fine structure separation of the Klevels gives only (2k+1)u/k 
In order to obtain u it will be necessary to determine & either by optical means (band spectra, 
hyperfine structure) or else by observing multiplicities of other Y terms, or perhaps by intensity 
measurements of the hyperfine structure components in the K series. 
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ON THE REFLECTION OF THE Ka LINE OF CARBON FROM A 
GLASS MIRROR 


By Jean THIBAUD 


LABORATOIRE DE PHYSIQUE DES Rayons X, Paris 
(Received January 14, 1930) 


ABSTRACT 

The author recalls previous experiments which he tried in order to determine the 
limiting angle of total reflection from a glass grating, for a set of radiations between 
20 and 65A, making a slight correction to a recent work of E. Dershem on the retlec- 
tion of the Aa@ line of carbon. In the case of glass, with A= 44.9A, if we take into 
account the discontinuities of absorption in the dispersive medium, the Kallman- 
Mark dispersion formula leads us to a result (6= 1 —n=5.73 X 107°) of the same order 
as the Drude-Lorentz simplified formula. The reflected intensity from the mirror is 
calculated from the angle of incidence, account being taken of the absorption. The 
result is then compared with the experimental curve given by Dershem for the Ka 
line of carbon, and shows that it is possible to determine the critical angle of total 


reflection from glass (@,,= 6°12’) and the refractive index (6=1—n=5.84X10~°). 


} a previous work,! I have endeavored to determine the critical angle 

6, of total reflection for a beam of soft x-rays (wave-length between 20 
and 65A) by varying the glancing angle of incidence of the beam upon a glass 
grating and measuring the angles 6; 2 at which the intensity of each line of the 
spectrum had decreased to one-half value. The conclusions were then: a. 
The reflected intensity does not suddenly decrease for a certain angle @,,: 
instead of this limit in total reflection, we find for the reflected intensity a 
somewhat flattened curve, the shape of which may be computed by using the 
Fresnel formulae and taking into account the intense absorption of soft x-rays 
in the medium.” 6. An increase in the flattening of the reflection curve is 
observed, with increase of the wave-length (from \=45A toX=65A). c. The 
6,2 angles of half-decreased intensities increase in proportion to the wave- 
length A. They are equal to several degrees. 6=1—7» (nm =index of refraction) 
therefore varies as the square of X. 

The simplified form of the Drude-Lorentz dispersion formula seems to 
be verified: 


(eo —— —}', (1) 
2rm Cc 





if we add a numerical coefficient 0.5 in the calculation of 6; 2. 

Recently E. Dershem® has determined the curve connecting the reflected 
intensity with the glancing angle of incidence for the Ka line of carbon and 
a glass mirror. He concludes that his measures do not confirm my previous 


1 Thibaud, Comptes rendus, 187, 219 (1928). 
* Cf: especially: J. Thibaud, Annales Soc. Scientifique Bruxelles, Series B, 48, 167 (1928). 
*E, Dershem, Phys. Rev. 34, 1015 (1929). 
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results. A mistake has crept in Dershem’s paper regarding his interpretation 
of my results. The @,, angles in my numerical table are not connected with 
the complete disappearance of the reflected line (I have assumed for @,, 
almost the same number as for the measured angle 6,2). I insisted rather 
(see for instance reference 2) upon the gradual decrease of the intensity 
with increase of angle, and upon the great difficulty of locating with some 
detiniteness the critical angle of total reflection. 

The only difference between Dershem’s results and mine is that the de- 
crease as a function of the angle in the intensity diffracted by a grating 
seems more rapid than when determined from an ordinary glass mirror. 
Prins* has made a remark on this subject. A grating seems thus less fit for 
an accurate determination of 6,. At another place® Dershem says that the 
shape of the curve makes it difficult to determine the limiting angle @,, and 
that, on the other hand, it seems doubtful to him whether the index of re- 
fraction may be computed from the simplified Drude-Lorentz formula. | 
wish to discuss further these two points. 

1. Kallman and Mark have changed, for the case of x-rays, the dispersion 
formula as quoted in Eq. (1) into another expression, which takes into ac- 
count the presence of critical frequencies in the dispersive medium: 


e” Ni v; y? 
jo Do =1 + “tii - =) ( 
2arm y* y* v;" 


bho 
~— 


and which seems to be correctly verified with ordinary x-rays.°® 
I have already pointed out’ that the results as computed from Eq. (2) in 
the case of about 50A x-rays, the absorption discontinuities being taken into 
account, show but little difference from the numbers given by the simplified 
formula (1): the atomic “resonators” for the wave-length considered effect 
no important disturbance of index. 
Let us consider with especial care the case of the reflection of the Ka 
carbon line (A=44.9A) from an ordinary glass mirror. 
If we take into account’ the K and L discontinuities of the different con- 
stituents of glass (Si, O, Na, Ca, etc.), we find by using formula (2): 
6 = 5.73 X 10-3, 
whereas formula (1) would give: 
6 = 7.08 X 10-3 


which is quite of the same order. 
The discrepancy between the results of the two formulae becomes ap- 
preciable only for wave-lengths very near (1 or 2A) to an L, or especially an 


4 Prins, Nature, Sept. 7, 1929. 
5 Reference 3, p. 1020. 


® A. Larsson, Dissertation. Uppsala (1929), 
7 Thibaud et Soltan. Journ. de Physique 8, 494 (1927) and: Thibaud, Phys. Zeits. 29, 
259 (1928). 


8 The calculation will appear very soon in the Journ. de Physique. 
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M or N discontinuity of one of the constituent elements of the reflecting 
mirror. But for glass and ordinary metals, the latter case is reached only 
for radiations of more than 100A. 

2. Reflected intensities may be computed from angles, in the case of a 
medium strongly absorbing for the radiation, by using the Fresnal equations 
relative to the components of incident and reflected radiations, which are 
parallel to the mirror plane. In the case of a complex index® 


ni =(1- )—ik 


(x =extinction coefficient; «=yA/4r; w=absorption coefficient for \ in the 
medium). We thus arrive at an expression of the ratio A of reflected and 
incident intensities as a function of the angle 6, 


(1 + m)* + 2(m? + a*)? + 201 + m)[{2(m?)! 2}! >+ a? cos d 2 


a ——-—- (3) 


A=— —_—_—_- - 
(1 + m)? + 2(m? + a?)'/? — 211 + m) | 2(m? + g*)! 2]! 2 cos @/2 





in which: @=(1+m)0,; a@=«/26=pd\/470,°; tan @=—a(l1—6)/m; 
™<@<27. The graphic representation of (3) is given on Fig. 1 for different 
values of the coefficient a between 0.01 and 1. 

















It is easy to see, with formula (3), that the reflecting power Ay connected 
with the angle @=8,,, goes thrugh a minimum (4y)=0.17) for a=0.5. Thus, 
for wave-lengths much longer than 45A and very strong absorptions p, one 
would notice an increase in the reflected intensity for angles 6>6,,. 

The curves show that, in the neighborhood of a = 0.5, the reflecting power 
A, suffers only small variations, around 20 percent, and that for 0),.=0.56,,, 
the reflected intensity is about one-half of incident intensity. 

In the case of the reflection of the Ka line of carbon, from a glass mirror, 
we have no accurate measurements of the absorption coefficient yu of glass. 


9 See also: R. Forsler, Helv. Phys. Acta 1, 18 (1927). and J. Prins, Zeits. f. Physik 47, 
479 (1928). 
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The most probable value, as concluded particularly from unpublished meas- 
urements of Holweck, is 7=10°. If we adopt the above computed value 
6=5.73X10°%, we find: a=0.31. 

One may notice a close similarity between the curve a=0.3 (Fig. 1) as 
computed from (3), with the experimental curve of reflection given by Der- 
shem. For a=0.3 we find Aj=0.19. The angle @ for which the reflected in- 
tensity is reduced to 19 percent of initial intensity is equal, on Dershem’s 
curve to 6°12’. It is the critical angle 6, of total reflection of the Ka carbon 
line from glass. The corresponding value of the index is: 


5 = = = 5.84 X 10-%. 

It is therefore possible to determine, from the experimental curves of 
reflection, the limiting angle and the refractive index n=1—6. The result 
is in good accord with the value as deduced from the Kallman and Mark 
formula (2) (6=5.73X10-%). It follows moreover that the extinction coef- 
ficient, in the case of the Ka line of carbon and glass, is approximately: 
k=aX26=3.5X10°°. 

Lastly the curves show that the desired limiting angle @, is almost 
double the angle 4,2, and thus we find the reason a 0.5 coefficient was to be 


introduced in my previous researches when 6,, was (arbitrarily) taken equal 
to 61/2. 
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MOLYBDENUM Z-SERIES WAVE-LENGTHS 
BY RULED GRATINGS 
: By J. M. Cork 
DEPARTMENT OF Puysics, UNIVERSITY OF MICHIGAN 
(Received May 12, 1930) 


ABSTRACT 

With plane ruled gratings having 30,000 lines per inch and 14,400 lines per inch 
and grating to photographic plate distances up to a meter in length in vacuo, about 160 
plates were taken of the Mo L-series lines. The wave-lengths for La;, and Lp, as 
given by Siegbahn using a gypsum crystal are 5.3943A and 5.1058A. If a calcite 
crystal were employed and approximate correction made for refraction, wave-lengths 
5.3900A and 5.1674A should be expected, whereas the average of the ruled grating 
measurements gave 5.4116A and 5.1832A. A comparison of the two values leads to 
an apparent value of the electronic charge 4.8162 107'’ e.s.u., being slightly higher 
than Bearden’s value using Cu K lines. The possibility of the variation being due 
to anomalous variation in the refractive index of the crystal is discussed. 


HE possibility of the absolute determination of x-ray wave-lengths by 

means of ruled diffraction gratings, has now been demonstrated.' The 
most precise results so far obtained? indicate that x-ray wave-lengths deter- 
mined by the ruled grating method are somewhat longer than when determin- 
ed by the crystal reflection method. Unfortunately, however, agreement 
regarding the magnitude of this discrepancy is still lacking. Since this wave- 
length difference may be given the interpretation that the Avogadro number, 
used in calculating the dimensions of the unit cell in the fundamental crystal 
lattice, was in error and hence also the value of the electronic charge, its 
importance is evident. In comparing wave-length values obtained by the two 
methods, the results from the crystal method should first be corrected for the 
index of refraction of the crystal. For long wave-lengths, that is, crystals 
of large lattice constant, this correction is appreciable and it may be further 
complicated at certain wave-lengths by anomalous effects. 

It was the original intention in this investigation to report on the L 
series wave-lengths for the metallic elements from Mo 42 to Ba 56 and several 
plates were taken for each of these elements, but in view of the significance of 
the results it was considered more important at this time to carry out an 
exhaustive study with one of the elements. For various reasons molybdenum 
was chosen for the target material. 

Granting a certain error in setting upon a spectral line in the measurement 
of the photographic plates, the overall accuracy is increased by having the 
final result depend upon large distances upon the photographic plate. For a 

1 Compton and Doan, Proc. Nat. Acad. Sci. 11, 598. 1925; Thibaud, Comptes rendus, 
182, 55, (1926). 

2 Wadlund, Phys. Rev. 32, 841, (1928); Biacklin, Dissertation, Upsala, 1928, Bearden, 
Proc. Nat. Acad. Sci. 15, 528, (1928). 
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given wave-length, two main factors contribute to the distance between lines 
on the photographic plate, namely, the grating constant (i.e. distance be- 
tween adjacent ruled lines) and the distance between grating and photo- 
graphic plate. For large displacements the grating constant should be small 
and the distance between grating and photographic plate large. The dis- 
persion also depends to a slight extent upon the value of the incident grazing 
angle employed, being greatest when this angle is least. The use of inside 
spectral orders, that is, those lying between the regularly reflected beam and 
the diffracted beam parallel to the grating, has been proposed,’ since it leads 
to very large dispersion when the diffracted beam becomes parallel to the 
grating. Although this method is eminently satisfactory to show fine struc- 
ture in this narrow region, its value in the absolute determination of wave- 
length must not be overestimated. The use of sufficiently large incident 
angles to give linear displacements on the plate comparable with those of 
high outside orders is prohibited due to the critical grazing angle for the 
grating material. 
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Fig. 1. Diagram of spectrometer and x-ray tube as viewed from above. 











APPARATUS 


For this wave-length region the complete spectrometer must be in a 
vacuum with no absorbing layer between the x-ray tube and diffraction 
chamber. Fig. 1 is a schematic drawing of spectrometer and x-ray tube as 
viewed from above. The x-ray tube was made of glass and provided with a 
water-cooled target. The cathode was an activated platinum spiral. Both 
cathode and anode were removable by ground glass joints. The tube as a 
whole was mounted on the end of the brass spectrometer tube by a ground 
glass to metal joint. 

Radiation from the target was collimated by parallel slits so as to be 
incident upon the grating at grazing angles from ten to forty minutes of arc. 
The slits were approximately 0.05 mm in width and were adjustable in 
distance from 12 cm to 24 cm. In the adjustment of the grating, part of 
the collimated beam was allowed to miss the grating surface, giving a 


3’ Howe, Phys. Rev. 35, 717 (1929). 
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beam direct to the photographic plate one edge of which was sharply defined 
by the shadow of the grating edge. 

The photographic plate is carried by a plate holder in such a position that 
the direct beam is incident upon it normally. The plate holder travels upon a 
heavy grooved track carefully adjusted for parallelism. Four definite 
positions for stopping are provided by allowing the carriage to make con- 
tact with stops, the distances between which were accurately measured 
upon the same comparator used for the photographic plates. Two posi- 
tions would have sufficed to determine the distance between plate and grat- 
ing by triangulation. The photographic plates were changed by removing 
a metal cap from the end of the spectrometer tube, fitted by ground metal 
joint. 

The slit system, grating and plate holder bed were all a single rigidly 
connected unit which could be removed completely from the tube without 
disturbing the adjustment. The containing brass tube had a diameter of 
21cm anda length of 110cm. The x-ray tube and spectrometer chamber were 
evacuated by separate mercury vapor pumps with liquid air traps, although 
gas could pass freely between them through the slit system. The spectro- 
meter tube and the end brass castings were tinned inside and out by immer- 
sion for a short time in a bath of molten tin. 

The mounting for the grating was provided with adjusting screws so that 
the grating could be tilted in any direction. In the present investigation four 
different glass gratings were employed. Three of these were nominally ruled 
30,000 lines per inch by Professor R. W. Wood at Johns Hopkins University, 
while the fourth was a 14,400 line per inch grating ruled at this University by 
Professor E. F. Barker and Mr. Weyrich. 

CALCULATION 
The fundamental grating relationship for constructive interference is 
ny = + djcos @ — cos ¢] 
where @ is the small grazing incident angle and @¢ is the angle between the 
diffracted beam and the grating surface. The distance in Angstroms between 
adjacent ruled lines on the grating is represented by d, and ” represents the 
spectral order. For the regularly reflected beam @ and ¢ are equal, while for 
outside orders, ¢ exceeds @ and the plus sign is used, whereas for inside orders 
¢ is less than @ and the sign is negative. 

The dispersion for a given setting of @ then (for outside orders) becomes: 

0d n 
OX’ dsing 





This is not independent of 6 since for smaller values of @ the value of ¢ and 
hence sin ¢ for any particular wave-length becomes smaller. 

In the upper part of Fig. 1 isshown an enlarged sketch of the grating with 
the direct and reflected beam. It is evident that the ray m in the direct beam 
and the ray 7 in the reflected beam have a common origin in the edge of the 
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grating at 0. Thus by measuring on the photographic plate the distance be 
tween outside edges of direct and reflected lines and dividing by the distance 
between the grating edge and photographic plate the tan 20 and hence @ is at 
once determined. 

The origin of the spectral lines is not the edge of the grating but an 
effective diffracting center which may be as much as a millimeter farther 
from the plate if a 2 mm width of the ruled surface is employed. To determine 
the distance between the photographic plate and the effective grating centre, 
the following procedure is carried out. With some particular x-ray source, 
spectrograms are obtained for the photographic plate in each of the four 
positions. By measuring the distance between any pair of these lines sufh- 
ciently far apart on any two of the plates and solving by similar triangles the 
origin or effective center may be located. While two positions would be 
sufficient, in most cases all four positions were used for confirmation of 
results. Such spectra for three positions for a molybdenum target are shown 
in Fig. 2. 


Distance Grat 
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Now to calculate wave-lengths, the distance between the outside edge of 
the direct beam and each spectral line is measured on the comparator. This 
distance in each case divided by the respective normal plate to grating dis- 
tance gives tan (@+¢) and hence the ¢ for any spectral line. Since 6 is already 
calculated for all of the lines the approximate value of \ is at once determined. 
The term approximate is used, since the edge of a line may be somewhat 
altered in position by growth of blackening due to over exposure. This does 
not, however, lead to any error in the final result because the spectral line is 
observed in many orders, thus on the molybdenum plates shown in Fig. 2 
seven orders are available for calculation. Now if the wave-lengths as calcu- 
lated from the various orders show a systematic variation, the results may be 
made concordant by the addition or subtraction of a small amount from all 
observed distances of the spectral lines from the edge of the direct beam. 
Experience shows that errors in the value of 6 by as much as 15” of are, 
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would automatically be corrected by this same operation, leading always to 
the same final values of \ when agreement between the various orders is 
obtained. Thus a real error in the exact location of the edge of the direct 
beam or of the incident angle @ need, if not too large, produce no appreciable 
error in final results, if several orders of some spectral line are available on the 
plate. In making the wave-length calculations, particularly in obtaining the 


‘cosines of the small angles, the fifteen place ‘Andover Tables Trigono- 


metriques’ is invaluable. 
RESULTS 


The grating constant for the 30,000 line gratings was determined by an 
optical spectrometer using the strong lines in the mercury arc spectrum as 
known wave-lengths. The result of this experiment gave the number of 
lines per inch as 30,011 or d equal to 8, 463.3 Angstrom units. This is some- 
what at variance with the result obtained by Thibaud? for gratings from the 
same source, namely 29,972 lines per inch or d equal to 8, 477 Angstrom units. 
This latter value would lead to even longer wave-lengths than those recorded 
in this paper. 

Since the ruling machine was available on which the 14,400 line grating 
was ruled, it became possible to determine the constant for this grating in 
another way. This machine employed a wheel having 720 teeth mounted on 
the head of a screw whose pitch was nominally 1 20 of an inch. If the pitch 
of the screw therefore were accurately determined this would give the width 
of 720 lines. A special steel bar was prepared and ruled with light lines, one 
for every ten revolutions of the screw. This scale was then calibrated in terms 
of the International meter. The result showed the pitch of the ruling machine 
screw in the part used to be very uniform and to be 0.050008 inch, such that 
there were 14,397.6 lines per inch or a value of d equal to 17,641.8 Angstrom 
units. In all, about 160 plates were taken on molybdenum using the different 
gratings with different adjustments on each, as well as various plate to 
grating distances. The average of all calculations are given in Column 1 in 
the following Table I in Angstrom units. 


TABLE I. 
Grating Gypsum Calcite Corrected for 
Measurement crystal crystal (Calc.) crystal refraction 
\MoLa, 5.4116 5.3943 5.3967 5.3960 
AMoLp, 5.1832 5.1658 5.1681 5.1674 


The values obtained by the crystal method using a gypsum crystal are 
given in column 2.* Siegbahn and Hjalmar® have shown that if the ratio 


' Thibaud, J.O.S.A. and R.S.1T. 17 145 (1928). 

* The values of \ published in the abstract of a paper presented at the Chicago meeting 
of the American Physical Society, Nov., 1930, were, by error, these values from Siegbahn with 
which the experimental values were compared to obtain the value of e therein given. 

‘Siegbahn and Hjalmar, Nature 115, 85, (1925) 
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deateite gypsum be obtained with different wave-lengths, a variation in this 
quantity from 0.39976 at 1A to 0.39959 at 5.5A is observed, with anoma- 
lous peaks at 3.06A and 5.01A corresponding to the K absorption edges 
of calcium and sulphur respectively. This relationship may then be em- 
ployed to calculate what the wave-lengths of the Mo L lines would be if 
measured by a calcite crystal since for gypsum, d=7.578A, was used at all 
wave-lengths. Such results are given in column 3. These values may now be 
corrected for the deviation to the Bragg law due to ordinary refraction in the 
crystal, by the approximate formula, as follows: 


pd" - 
h = NI 1 — 5.4—-- 10° 
n* 


where \’ denotes the apparent wave-length, 7 the spectral order, p and d the 
density and lattice constant of the crystal respectively. For calcite this gives a 
correction factor of 0.014 percent for the first order spectra. Such results 
are recorded in column 4, and are the values to be compared with those 
of column 1. 

It should be noted that the ratio d eateite  d pvp 


sum Changes by as much as 
one half of a tenth of a percent for wave-lengths from 1A to 5A. This varia- 
tion is of the nature of a difference effect and it may well be possible that 
the variation in calcite alone may be much greater than this. 

The dispersion formula showing the effect of wave-length change upon 
the index of refraction as developed from polarization theory is as follows: 


6=yr-1l= > 


arm veep 


where uw represents the index of refraction, V the total number of mobile 
electrons per cm’, V, the number of electrons per cm* having the natural 
frequency v, and v, represents the x-ray frequency. For x-rays in which p, 
is large compared with v,, the quantity 6 is negative leading to a correction 
to the Bragg law as shown above, i.e. true wave-length less than apparent. 
Now as the x-ray wave-length increases or as the frequency decreases, the 
value of 6 becomes more negative but upon passing through the K absorption 
limit of calcium the contribution of the calcium K electrons changes from 
negative to positive and at longer wave-lengths 6 may actually become posi- 
tive, in which case the true wave-length will be greater than the apparent. 

If possibilities of error due to this variable refractive index be over 
looked, the values of column 1 may be compared with column 4 to determine 
what would be implied regarding the value of the electronic charge. The 
value of the electronic charge as determined by the oil drop method as 
corrected by Birge® for best values of the viscosity of air, velocity of light 
and transformation factors to change from International to absolute electro- 
static units is 4.768 +0.005 X 107!" abs. e.s.u. Tempering this value by the 
consideration of Wadlund’s result from x-rays, the most probable value was 


6 Birge, Phys. Rev. Sup. 1, 40, (1929), 
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given as (4.770 + 0.008) X 107!" e.s.u. However, in the most accurate deter- 
mination by calculation, of a fundamental crystal lattice, namely that of 
calcite by Compton, Beets and DeFoe,’ the Avogadro number was assumed 
to be (6.0594) k 10" which combined with Birge’s most probable value of the 
Faraday, (2.89270 +0.00021) X10" e.s.u. means that e was assumed to be 
4.7739 X10°'" e.s.u. The calcite lattice constant as so computed agreed 
exactly with the value as used by Siegbahn in his wave-length determinations, 
namely 3.029044 at 18°C. 

kor the a, line the wave-length by ruled grating is 0.288 percent greater 
than the corrected crystal measurement, while for the 8; line a difference of 
0.304 percent is observed. The average of these values gives for the elec- 
tronic charge the apparent value of 4.8162 10°!" e.s.u. and for the Avo- 
gadro number (6.0062) 10.2%) This value of the electronic charge is thus 
even larger than Bearden’s value of 4.804107!" e.s.u. obtained by CuA 
wave-lengths. 

The explanation of this effect as due to a surface contraction as discussed 
by Zwicky® is unlikely. Such contractions are supposed to be only a few 
atomic layers deep and certainly many hundred atomic planes must cooper- 
ate in the x-ray reflection even up to 5 Angstroms. Also there is good agree- 
ment between crystal measurements by the transmission and reflection 
methods. Furthermore, a surface contraction would have to be interpreted 
as increasing the discrepancy rather than decreasing it, since instead of 
multiplying the observed sin @ by an average d one should use the smaller 
surface d. 

Attempts to explain the effect by altering the general grating formula for 
the case of grazing incidence, narrow grating width and ruling defects seem 


to prove inadequate for differences as large as observed. 


7 Compton, Beets and DeFoe, Phys. Rev. 25, 625 (1925) 
* Zwicky, Proc. Nat. Acad. Sci. 15, 253 (1929). 
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THE INDEPENDENCE OF X-RAY ABSORPTION 
ON TEMPERATURE 
By J. A. BEARDEN 
Jouns Hopkins UNIVERSITY, BALTIMORI 
(Received May 12, 1930) 


ABSTRACT 

If the absorption coefficient of x-rays is dependent upon the temperature of the 
absorber it is pointed out that the effect can be made easily measurable by increasing 
the thickness of the absorber. Using this method in which the thickness was made 
very great, measurements have been made on Al, Cu, Fe, Ni, Ag, and Pb. Hetero- 
geneous X-rays were used with voltages from 30 to 80 k.v., also the monochromatic 
x-ray lines Kay, of silver and copper were used. All measurements showed no effect 
of temperature on the absorption coefficients within the probable error involved in 
the thermal expansion coefficients. 

It is also pointed out that the effect of temperature on the absorption of x-rays 
and y-rays, as found by previous investigators, was probably due to an error in the 
determinations of the linear absorption coefficient. When their results are corrected, 
using the absorption coetticient of the beam transmitted by the absorber, the results 
are in agreement with the present experiments. 


M EASUREMENTS have been reported'* which indicated a change in 
the atomic absorption coefficient of x-rays with a change in the tem- 
perature of the absorbing screen. In the first! series of these measurements 
using the direct x-rays from a Coolidge tungsten x-ray tube and absorbing 
screens of Al, Cu, Fe, Ni, Ag, and Pb an increase in the atomic absorption 
coefficient was observed as the temperature of the absorber was increased. 
The increase was about 0.2 percent per 100°C up to temperatures near the 
melting point of the absorber. The second? series of measurements were made 
using narrow bands of x-rays of various wave-lengths absorbed in Ag and Ni. 
For some wave-lengths the absorption was greater than the normal absorp- 
tion and for others it was less. Similar observations® have been made using -¥ 
rays and absorbers of Pb, Fe, Sn, and Al. In each case it was found that the 
absorption coefficient increased with an increase in the temperature of the 
absorber. For both y-rays and x-rays, if the change in absorption is expressed 
as a linear function of the temperature as uw’ =u4(1+ 87) where uw’ and pare the 
linear absorption coefficients of the absorber when hot and cold respectively it 
is found that 8 is proportional to the thermal expansion coefficient of the ab- 
sorber. 
Existing theories of absorption of x-rays and y-rays offer no explanation 
of such an effect. Thus the effect offers a critical experimental check on the 
theoretical correctness of absorption theories. The present experiments were 


! Read, Phys. Rev. 27, 373 (1926). 
2 Read, Phys. Rev. 28, 898 (1926). 
3 Bastings, Nature CXIX, 51 (1927), Phil. Mag. 7, 337 (1929). 
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undertaken with the purpose of making more accurate observations of the 
change in absorption of x-rays with various wave-lengths and absorbing 
screens. 


MrtTuop 


The expected change in the intensity transmitted by the absorber 
when cold and hot due to the thermal expansion of the absorber may be 
calculated as follows: 

Let Jo, 7. and J, be the intensities of the direct x-ray beam, the beam 
transmitted by the absorber when cold, and when hot respectively. 

Then [./1[9=e-#** 
and 
Th 


‘ = ¢# l¢+eT)* (1) 

Io 
where uw. and mwa, are the linear absorption coefficients of the absorber when 
cold and hot respectively, x the thickness, and a7’ the linear expansion of the 
absorber. The ratio of intensity transmitted by the absorber when cold 
and hot is then 


ae (pep p, ) 2p ral (2) 


For a heterogeneous beam yu. and yw refer to the effective linear absorption 
coefficient of the beam transmitted by the absorber when cold and hot re- 
spectively. This of course would have to be measured by using absorbers 
of the same material and extrapolating to a thickness equal to the thickness x 
of the absorber used in Eq. (2). The percentage change in transmitted 


X-ray intensity Is 


= (ue — wa) + Quxal (3) 


in this equation yu is really uw, but since w and pw, cannot differ by more than 
0.1 percent, the use of the normal absorption coefficient introduces practic- 
ally no error in the value of (J, —J,)/ J, 

From Eq. (3) it will be seen that the greatest change in x-ray intensity 
will be for an absorber of maximum thickness x. Experimentally one must 
make x such that 7, and J; are easily measured. For direct radiation from an 
x-ray tube the area of the collimating slits can be made very great and 
correspondingly x made larger. In the case of x-rays reflected from a crystal 
the area is very limited but with water cooled x-ray tubes where the x-ray 
intensity is very great x can still be made large. It will be noticed in Eq. 
3 that a measurement of the intensity J) which may be 1000 times J, or 
I, is not needed. In the present experiments J, and /,; were measured using 
two exactly similar pieces of metal for the absorbing screen so placed on 
an eccentric that either could be inserted in the path of the x-ray beam. 
One piece was placed in a furnace and the other kept at room temperature. 
After a series of measurements of 7, and J; had been made the two absorbers 
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were interchanged and a new set of readings taken. This procedure was 
adopted to make it possible to obtain J. and J, without a time lag and 
without a change in temperature of slits, sensitivity of electrometer, etc. 
Previous experiments! ?* have indicated that 
(ue — wa) X = pxal 
so if one makes x large enough to make (/,—J,.)/J.=0.1 or larger the effect 
of such a change in absorption would change the x-ray intensity by 5 percent 
or more. Such a change in intensity can be easily measured. 
APPARATUS 
The high voltage outfit consisted of a regular high voltage transformer 
(165 k.v. 500 m.a.) connected to a four kenetron full wave rectifier. The 
kenetrons and all filament transformers were immersed in oil in order to 
reduce the corona discharge. The source of a.c. was a motor generator set 
(15 k.w.) with the field of the generator connected to a large capacity storage 
battery. With this arrangement it was possible to hold the primary a.c. 
constant to 0.2 percent over a long period of time. Two x-ray tubes were used, 
one was a water-cooled copper target Coolidge tube, the other a water- 
cooled silver target Coolidge tube. A thin window (0.01 mm al.) was provided 





Fig. 1. Diagram of apparatus as used with heterogeneous x-rays. For the Ka;.s lines of Ag 
and Cu a calcite crystal was inserted between S; and the ionization chamber. 


for the copper target tube to reduce the absorption of the characteristic 
copper x-rays. The x-ray tubes were operated at 20 to 40 m.a. and 25 to 
80 k.v. 

The ionization chamber was 7.5 cm in diameter and 30 cm long filled with 
argon. The electrometer (Compton type) was mounted directly above the 
chamber in order to reduce the electrical capacity. The sensitivity of the 
electrometer was about 10,000 division per volt. 

The furnace was made up from a heavy wall copper tube 7 cm long with 
copper top and bottom (Fig. 1). The tube was insulated with asbestos on the 
top and sides and was heated with a gas flame from the bottom. The openings 
for the x-rays to pass through were made by inserting brass tubes into the side 
of the furnace and covering the ends of the tubes with aluminum (0.01 mm 
thick). The furnace was filled with hydrogen to prevent oxidation of the 
absorbing screens. The temperature was measured with a 600°C mercury in 
glass thermometer, placed so the bulb of the thermometer was very near the 
absorbing screen. The absorbing screen was mounted on a rod (Fig. 1) so it 
could be placed in or out of the path of the x-rays by rotating the supporting 
rod from outside the furnace. A long arm was attached to the supporting 
rod outside the furnace and a stop arranged so the absorber could be rotated 
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back into exactly the same position for each measurement. A similar method 
was used for moving the cold absorber in and out of the x-ray beam. In the 
case of the thin foils it was found necessary to use a frame (made of the 
same material as the absorber) to hold the absorbers so they would not 
bend or warp when heated. This was accomplished by making two frames 
and placing the foil between the frames and then fastening the frames to the 
rotating support. 


METHODS OF MAKING MEASUREMENTS 


Three types of radiation were used. First, the copper Ka,» line and the 
silver Ka,» line reflected from calcite; secondly, the direct rays from the 
copper and silver targets operated at voltages from 20 to 80 k.v. and third, 
the direct ray from these tubes filtered through copper and aluminum. The 
dispositon of the apparatus is shown in Fig. 1. The slits were made of lead in 
the usual manner and were protected by sheets of asbestos from the heat 
given off by the furnace so that no appreciable expansion took place. When 
the heterogeneous rays from the tube were used, the slits were + mm wide 
and 2 cm high. In the case of the x-rays reflected from calcite the slits were 1 
mm wide and 2 cm high. It will also be noticed that an expansion or shift of 
slits cannot effect the results taken by this method of comparison. The cold 
absorber A was placed perpendicular to the x-ray beam. With the furnace 
cold the angular position of the absorber B in the furnace was adjusted until 
it absorbed the same amount (to within 1 percent) of x-rays as the absorber 
A outside the furnace. The furnace was then heated to 600°C and allowed 
to cool to room temperature again. A series of measurements (usually 10) 
were then made, alternately placing the absorber A and B in the path of the 
rays. The furnace was then raised to a temperature 90 to 100°C above room 
temperature. A series of measurements similar to those made above were 
then made. This process was repeated advancing the temperature in steps 
of 90 to 100°C for each series until a temperature of 600°C (except in the 
case of Pb) had been reached. The process was then reversed and the tem- 
perature lowered in similar steps and similar measurements taken until the 
furnace was brought back to its original temperature (room temperature). 

The intensity transmitted by each absorber was never exactly the same 
so a small correction factor (less than 1 percent) had to be applied in order 
to obtain the true values of J. and J,.. The absorption coefficient uw in Eq. (3) 
was measured by placing A or B in the path of the x-ray beam and then 
adding thin layers of the same material in the path of the x-ray beam and 
measuring yw for each layer. By extrapolation the value of uw was obtained for 
0 thickness of added absorbers which was the value used in Eq. (3). 

The values for the thermal expansion coefficients used were taken from the 
tables of Landolt and Bornstein, 5th edition. 


RESULTS 


The results for the heterogeneous x-rays are plotted in the graphs of Fig. 2, 
in which the values of J,—J./J, are plotted against the temperature of the 
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absorber. The solid line is calculated from Eq. (3) in which the term (u.—pa)x 
has been neglected. The dotted line was calculated assuming that 

(ue — wa) XY = pxal 


which seemed to fit with the experimental measurments of previous experi- 
ments.'?* The circle represents the experimental values obtained in the 
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Fig. 2. The experimental points (small circles) were determined with heterogeneous 
x-rays from a Cu target operated at 50 kv. The solid line is drawn assuming no temperature 
effect on absorption of x-rays. 


present work. It will be seen that the experimental points lie on the solid line 
within the error of the measurements and the error which must be present in 
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Fig. 3. Same as Fig. 2 except the monochromatic Ka; » lines of Ag and Cu were used. 


the thermal expansion coefficients. In the case of aluminum and copper the 
experimental points seem to be a little higher than the solid line but there 
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are differences in the thermal expansion coefficients given by various ex- 
perimenters which would account for the difference observed here. The re- 
sults using the monochromatic wave-length Kaj». of copper and silver 
absorbed in silver, aluminum and copper are shown in Fig. 3. In each 
case the experimental points, as above, agree with the theoretical curve 
within the error of the measurements and the error involved in the thermal 
expansion coethcient. 

Similar results were obtained using x-rays filtered through copper 
and aluminum. The x-ray measurements are believed to be more accurate 
than the thermal expansion coeftticients are known. Thus the method may 
be conveniently used to measure the change in the thermal expansion coeffi- 
cients with change in temperatures. 


DISCUSSION AND CONCLUSION 


The change in absorption found by Read in his first experiments! using a 
heterogeneous x-ray beam is undoubtedly due to the use of the wrong absorp- 
tion coefficient w in Eq. (3). He measured uw by removing the absorber 
and measuring J, of the direct beam. This gives a value of « which is entirely 
too high. It is clear from the way in which Eq. (3) is derived that the correct 
mis the w of the transmitted beam and not that obtained by using the J, 
of Eq. (1). If this were not the case, the change in absorption with tempera- 
ture would be a function of the thickness of the absorbing screen which 
obviously cannot be true. 

The error in the second series of measurements? is not so apparent. 
In these measurements, narrow bands of wave-lengths were used so the above 
effect would be greatly reduced. These measurements seemed to be some- 
what erratic and some undetected experimental error must have been 
present. Precision absorption measurements are extremely difficult to make 
so that an error of a fraction of 1 percent is easily made. In the measure- 
ments of Bastings* on the temperature coefficient of y-ray absorption he 
derives an equation 

ny'd'(1 + aT) — nyd 
8 = (4) 
nud T 

in which # is the number of atoms per cc, “is the linear absorption coefficient, 
d the thickness of the absorber, a the thermal expansion coefficient, 7° the 
temperature of the absorber, and the prime letters refer to the absorber 
when hot. This equation also neglects the change in effective wave-length 
of the heterogeneous y-rays in passing through an absorber. Even though 
there were no change in absorption with temperature it can be shown that 
Eq. (4) would give 8* @ which is what Bastings observes. Substituting the 
results of Bastings in Eq. (3) using an estimated value of u from other sources 
gives no temperature effect within the error of the calculation. 

Thus one is lead to the conclusion that there is no effect of temperature on 
the absorption of x-rays or y-rays within the error of the present determina- 
tions of the thermal expansion coefficient. 
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RYERSON PuysIcAL LABORATORY, UNIVERSITY OF CHICAGO 


(Received April 28, 1930) 


ABSTRACT 

An investigation is made of the effect produced on the x-ray liquid diffraction 
pattern by an electric field so designed as to give the Kerr effect for the liquid 
under examination. The liquid diffraction pattern is obtained by replacing the 
crystal of a Bragg spectrometer with a cell containing the liquid. The electric field 
is approximately normal to the x-ray beam. Nitrobenzene is found to show an increase 
in peak intensity, on applying the field, ranging from four to seven times the prob- 
able error of observation, while benzene shows no observable effect. For the type 
of field used nitrobenzene shows a large Kerr effect, while benzene shows only a slight 
effect. Theoretical considerations indicate that this effect cannot be due to molecular 
orientation alone, but that an increase in the regularity of the spatial distribution 
of molecular scattering centers must occur. 


INTRODUCTION 


HE form of the x-ray liquid diffraction pattern is usually interpreted as 
being primarily due to the arrangement of the molecules in the liquid, 
the arrangement of the atoms in the molecule and the electrons in the atom 
producing secondary effects. To the space array of molecules producing this 
pattern one worker has given the name cybotaxis.! In attempting to derive a 
theoretical expression for the observed distribution of intensity in the liquid 
diffraction pattern Prins? assumes that; 
1. The electricity (average electron density) is distributed continuously 
in each molecule. 
2. This electricity vibrates in the plane of incidence of the x-ray wave. 
3. The phases of the emitted partial waves from all the elementary vol- 
umes must be added in order to calculate the intensity of the diffracted ray 
for any particular angle of diffraction. 


Starting with these assumptions Prins arrives at the following formula for 
the intensity of the scattered rays as a function of the angle of diffraction. 
—2 ’ . S P : sin ST 
I(s) = NA + NA? dritrr?g(r)—— (1) 
0 Sr 
where s =47/A sin $/2, ¢ is the angle of diffraction, r represents the distance 
from a fixed but arbitrary center, and N is the number of molecules which 
scatter the x-rays. The scattering power A of a rigid molecule is thought of as 
localized at this center. The average of the scattering power over all possible 
1 Stewart and Morrow, Phys. Rev. 30, 232 (1927). 
2 J. A. Prins, Zeits. f. Physik 56, 617 (1929). 
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orientations of the molecule is indicated by the horizontal line above A. The 


is) 


function g(r), first introduced by Zernicke and Prins,* describes the distribu- 
tion of molecular scattering centers throughout the liquid, and is detined in 
such a Way as to make 47r*dr g(r) represent the probability that a molecular 
center will lie between a distance ry and r+dr from a tixed but arbitrary cen- 
ter. The first term on the right-hand side of Eq. (1) gives the intensity due to 
N molecules scattering independently. The second term takes account of the 
interference between the rays scattered by the different molecules, and may 
have a negative sign. 

It is a well-known phenomenon of optics that if certain liquids are placed 
in a strong electric field they become slightly double-refracting, behaving 
somewhat like a uniaxial crystal. This experiment was originally performed 
by j. err,’ and is known as the Werr effect. It has, perhaps, been most suc- 
cessfully explained by the orientation hypothesis as developed, by Langevin 
Born, and others.’ According to this hypothesis when an electric tield is ap- 
plied across a liquid an asymmetry is produced in it as a result of a tendency 
of the molecules to orient themselves in a detinite direction with respect to 
the field because of the electric moment associated with each molecule. Two 
factors may contribute to the presence of this moment. In the first place the 
molecule may not be equally polarizable in all directions, and consequently 
will endeavor to set itself so that its axis of maximum polarizability is turned 
parallel to the tield. Secondly, there may be a permanent moment associated 
with the molecule. Both factors are usually present. 

Now, if an electric field applied across a liquid produces in the molecules a 
tendency to orient themselves in a particular direction with respect to the 
field, and consequently produces an asymmetry in the liquid it might be 
expected that the angular distribution of the intensity of the scattered x-rays 
would be altered. Since the liquid diffraction pattern is primarily molecular 
in origin there are two possibilities to be considered. The first is the effect 
which the electric field would have on the scattering of the molecules con- 
sidered separately, while the second is the effect on the distribution of molecu- 
lar scattering centers throughout the liquid. 


CALCULATION OF THE ANTICIPATED EFFECT 


The effect of the field on the molecules scattering separately can be 
considered in the following manner. Assume that the molecules are diatomic, 
that they have a permanent moment mm, and that the scattering power of 
each atom is located at its center. Then, referring to Fig. 1, the scattered 
intensity due to the electric vector of the incident beam which is parallel to 
the plane YOP will be® 

tira Q 
Ii, = 48.1.7 cos*{ - sin > COs «) = 48:,° cos? (x sin a) 

3 Zernicke and Prins, Zeits. f. Physik 41, 184 (1927), 

4 J. Kerr, Phil. Mag. 50, 337 (1875). 

5 Cf. P. Debye, Marx Handbuch der Radiologie, Vol. VI, p. 754 

® A. H. Compton, X-rays and Electrons, Appendix IV, p. 384. 
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where 2a represents the distance between the atomic centers, A, =2zAe*cos@, 
rmc*, s represents the number of scattering electrons in each atom, ¢ is the 
angle of diffraction, 8 is a constant defined by J] =GA? and x =47a/\X sin ¢$/ 2. 











> by 


Fig. 1. 


If an electric held of strength & is applied in the direction OQ the probability 
that the moment mw will lie ina solid angle d2 =sin adad yf is, according to the 


Boltzmann-Maxwell law 
1 


rn 


e mEcosa! kT sin adady ' 


The average intensity of J; that is scattered in the direction @ on applying 
the field # is then 


wi? fee pe 
ly = | | cos* (x cos ae 2a! kT sin adady 
T vy ry 


0 a 0 


m> i? 
23.A1,7} Pix) + —()( x) 
2 b> | “2 
where 
sin Jv 1 sin 2x 1 cos 2x 
Pix) = 1+ ; Or) = - + — = 
dx 6 Qn 4x° 2x° 


and powers of wE/kT greater than the second are neglected. Following the 
usual method the total intensity of the scattering at an angle @ is found 
to be 


I, = 2Z1,| P(x) +——Q(k) (2) 
where 7, is the scattering at an angle @ due to a single electron. It will be 
seen that the effect should be proportional to the square of the field applied. 
A similar calculation was carried out for a model of the nitrobenzene molecule 
in which five CH groups and one NO: group were evenly spaced on the cir- 
cumference of a ring. It was assumed that these groups scattered as units, 
and that the ring possessed 4 permanent moment due to the asymmetry 
produced by the NOs group. An intensity formula analogous to Eq. (2) was 
obtained and as in Eq. (2) P(x) and Q(x) were found to be of approximately 
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the same order of magnitude. In order to estimate the relative importance of 
the additional term introduced because of the presence of the electric field let 
E be taken as 5 k.v. per cm, one of the values used in this experiment, let be 
given the value 3.9X10°'S e.s.u. as determined by polarization measure- 
ments,’ let 7 be taken as 300°, and & given its usual value 1.39X10-'*. The 
value of m°k? 2k7* then becomes of the order of 10-*. It would thus seem 
that the effect of the field on the scattering of the molecules considered inde- 
pendently would be very small, probably too small to be detected by the 
usual methods of measuring intensity. 

On the other hand the optical effect of the electric field on the liquid is to 
make it act as if it were a uniaxial crystal. If the electric tield tends to ar- 
range the molecules into something approximating crystalline structure the 
second term on the right-hand side of Eq. (2) would be affected, in that the 
distribution function would correspond to an increased regularity in the spa- 
tial arrangement of the scattering centers. The effect on the diffraction 
pattern would be an increase in the intensity of the peak, and also a sharper 
peak. Thus in looking for an effect of the electric field on the liquid diffraction 
pattern it would appear best to investigate the peak intensity with and with- 
out the field. This has been done in the following experiment. 


EXPERIMENTAL PROCEDURE 


The cell in which the liquids were put for investigation is shown in Fig. 2. 
The window was made of cellophane 0.025 mm thick, on the inner side of 
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Fig. 2. Diagram of cell. 


which aluminum leaf 0.00065 mm thick was fastened. The high potential was 
applied to the aluminum leaf by means of the electrode £, Fig. 3, and a strip 
of aluminum foil leading from the electrode to the inner side of the window. 
Separated from the window by a distance of 3.5 mm was a heavy aluminum 
foil disk which was grounded by means of the earthed brass back of the cell. 
The x-rays entering through the window were scattered by the liquid lying 
between the window and the aluminum foil disk. In this way the field was 
given the direction OO of Fig. 1 with respect to the x-ray beam. Fig. 3 
illustrates the arrangement of the apparatus used. 

In order to apply the field as nearly at right angles to the x-ray beam as 
possible, since the Kerr effect is observed when the light beam is traveling 


7 P. Debye, Polar Molecules, p. 54. 
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normal to the field, the ordinary Bragg crystal reflection method was used to 
obtain the x-ray diffraction pattern. The incident x-ray beam was collimated 
by a Soller slit set each slit of which was 9 cm long, 1.5 cm high, and 0.045 
cm wide. Attached to the front of the ionization chamber and rotating with 
it was another slit set with slits 6 cm long, 1.5 cm high, and 0.022 cm wide. 
An adjustable slit, kept at a width of about one mm, was placed between 
the second slit set and the celluloid window of the ionization chamber. This 
slit system served to prevent the rays scattered either by the cellophane- 
aluminum window, or the aluminum disk at the back of the cell from entering 
the ionization chamber. The chamber was filled with methyl bromide at 
atmospheric pressure, and the ionization currents were measured by a 
Compton electrometer adjusted to a sensitivity of 10,000 mm divisions per 
volt at a scale distance of 3 meters. Unfiltered x-rays obtained from a molyb- 
denum-target tube operated at 35 k.v. and 32 milliamperes were used. The 
current supplied to the x-ray tube was rectified by means of a full-wave 
balanced-circuit kenotron rectifier. 


= 
/ 


Fig. 3. Arrangement of apparatus. 


Since the Kerr effect is most prominent when the electric field consists 
of a rapid succession of short, sharp peaks it was thought best to look for 
the effect with the same type of field. In order to synchronize the peaks of 
the applied field with the peaks of the voltage across the x-ray tube the same 
high voltage source was used for both. The voltage applied to the cell was 
stepped down by means of a water rheostat. The peaks of the electric im- 
pulses across the cell were sharpened by means of a spark gap, across which 
a jet of air was blown, inserted between the rheostat and the cell. This de- 
vice permitted the use of higher fields, and also gave a field more nearly like 
that used in observing the Kerr effect for nitrobenzene. 

With this arrangement the liquid diffraction curves shown in Fig. 4+ and 
Fig. 5 were obtained. These curves do not differ appreciably from the dif- 
fraction curves obtained by other methods. They show the same approach 
toward zero scattering at small angles of diffraction, and the same principal 
maximum of intensity. The nitrobenzene curve appears to be somewhat 
broader than the benzene curve. 

To observe the effect of the electric field on the diffraction pattern the 
cell and ionization chamber were set at angles corresponding to the diffraction 
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The 


held was applied across the cell, and 45 sec. later an observation of the inten- 


The following procedure was observed in taking all readings. 


peak. 


sity was made. The field was then removed, and 45 sec. were allowed to 

















Figs. 4 and 5. Ditfraction curves. 
elapse before the reading without the field was taken. Alternate readings, 
with and without the field, were taken in this way for nitrobenzene and 


benzene. 


RESULTS 


The results obtained are shown in Table I. The + sign is used to indicate 


an increase in peak intensity on applying the field, the — sign a de- 
PABLE I. 
Liquid Field Applied Intensity Change Probable Error 
‘ 
Nitrobenzene 5 kv per cm +0.8 percent 0.2 percent 
Nitrobenzene 9 kv per cm +2.3 percent 0.3 percent 
Nitrobenzene 14 kv per cm +2.0 percent 0.8 percent 
Benzene 9 kv per cm —0.3 percent 0.3 percent 





crease. The probable error listed in each case is the probable error of the 
arithmetic mean as computed in the ordinary way from least squares theory. 
The values given for nitrobenzene under fields of 5 k.v. per cm and 9 k.v. 
per cm, and for benzene represent the average of 100 pairs of readings taken 
as described above. The change in intensity listed for nitrobenzene under a 
field of 14 k.v. per cm is the average of 37 pairs of readings, the breaking 


With so ' 


strong a field it was difficult to obtain steady conditions, and the results are 


down of the cell preventing further observations at this voltage. 


not as reliable as the others listed. 

The same type of field was used for all observations. With this type of 
field benzene shows only a slight Kerr effect. As is seen the change in peak 
intensity for benzene is not significant, and is in the direction of lesser instead 
of greater intensity. This lack of any definite shift for benzene rules out the 
possibility that the effect observed for nitrobenzene might be due to me- 
chanical causes such as the bending of the cellophane window as a result of 
electrostatic forces of attraction. 
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The increase in peak intensity for nitrobenzene appears to be a function 
of the potential drop across the cell. On the basis of the observations made 
for the two lower voltages it might appear as if the effect varied approxi- 
mately as the square of the potential applied. Further experiment is neces- 
sary, however, to decide this point definitely. But it is reasonably certain 
that over a range of field strengths less than 9 k.v. per cm the effect increases 
with increasing field strength. The observations made at 14 k.v. per cm are 
not sufficiently accurate to permit any definite conclusions to be drawn from 
them. 


CONCLUSIONS 


Since the observed changes in intensity range from four to seven times 
the probable error, and as mechanical effects do not produce them it seems 
reasonably certain that the type of electric field described above produces an 
increase in the peak intensity of the nitrobenzene diffraction pattern. This 
change is a function of the strength of the field applied, and from the data 
now available appears to vary as the square of the field strength over a range 
of potential gradients less than 9 k.v. per cm. 

The effect is far larger than would be expected from the orientation of the 
molecules considered as scattering separately. It would thus appear that 
molecular orientation alone is not capable of producing the observed change. 
If, however, the effect of the field is to bring about a more orderly arrange- 
ment of the molecular scattering centers with an increased regularity in the 
spatial distribution of these centers then such an effect as that observed 
might be expected. Such a tendency toward a crystalline arrangement was 
the explanation originally advanced by Kerr to account for the effect he 
observed. 

It is possible that the effect just described is not associated with the Kerr 
effect, and that the correlation obtained for nitrobenzene and benzene is due 
to the large difference in their permanent moments. Liquids are known with 
permanent moments of the same order of magnitude as nitrobenzene but 
which do not show a Kerr effect of the same order of magnitude. Experiments 
with some of these liquids are desirable in order to gain further information 
regarding this point. 

In conclusion the author wishes to express his appreciation to Professor 
A. H. Compton for his very helpful advice and his constant interest in the 
problem. 
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(Received May 14, 1930) 


ABSTRACT 

Phe half widths at half maximum of the rocking curves in parallel positions of 
the double x-ray spectrometer have been observed for the first five orders of retlection 
of MoAg from calcite. The calculated half widths for a single crystal have been com- 
pared with the theoretical results of Darwin and Ewald. The observed values are of 
the same order of magnitude as the theoretical, but slightly larger (1.4 times as large 
in the first order). 

The rocking curve widths in 8 anti-parallel positions for MoKae; at 50 k.v. have 
been observed. Geometric corrections arising from the vertical spread of the beam 
have been applied. The half width at half maximum of MoKa, has been found to be 
0.147 X.U. corresponding to an energy width of 3.6 volts. The variation of this width 
with voltage from 25 to 50 k.v. has been studied, and no significant variation found. 
Phe half width at half maximum of MoKa: at 50 k.v. was observed in 2 positions and 
found to be 0.161 X.U., the corresponding energy width being 3.9 volts. The observed 
difference bet ween a; and a2 is close to the experimental error and may not be real. The 
observed values are 2.5 times as great as the width to be expected from a classical 
clectronic oscillator damped by its electromagnetic radiation. 

The computed life of the excited A state of molybdenum is 1.8 107" seconds. No 
evidence of fine structure of MoKa; or a was obtained. 


HIS paper is a report of experiments performed with the double x-ray 
spectrometer recently constructed in this laboratory. Experiments 
analogous to those described here have been carried out by Davis and 
Stempel,' Wagner and Kuhlenkampff,? Ehrenberg and Mark,* Ehrenberg 
and von Susich,! Davis and Purks,® and Allison. These experiments will 
be discussed later in connection with various topics in this report. 
APPARATUS 


The double spectrometer with which these results were obtained has been 
described elsewhere.’ Constants of the spectrometer, some of which were 


1 Davis and Stempel, Phys. Rev. 17, 608 (1921), 19, 504 (1922). 

2 Wagner and Kuhlenkampff, Ann. d. Physik 68, 369 (1922). 

8 Ehrenberg and Mark, Zeits. f. Physik 42, 807 (1927). 

4 Ehrenberg and von Susich, Zeits. f. Physik 42, 823 (1927). 

5 Davis and Purks, Proc. Nat. Acad. Sci. 13, 419 (1927), 14, 172 (1928), Phys. Rev. 34, 
181 (1929), 

6S. K. Allison, Phys. Rev. 34, 176 (1929), 

7 Williams and Allison J.0.S.A. and R.S.I. 18, 473 (1929). Opportunity is taken here to 
point out some errors in this paper. The equation on page 474 is only approximately true, the 
correct expression being Eq. (1) of the present paper. On page 475 the tube holding the slits 
is stated to be 35 cm long whereas it actually is 30 cm. It is also stated that “the horizontal 
width of the slits can be adjusted to give the maximum resolving power” whereas the resolving 
power of the double spectrometer is independent of the slits mentioned. 
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not previously given, are as follows: distance from the focal spot of the x-ray 
tube to the first crystal (crystal A), 53 cm; distance between the axes of 
crystals A and B, 19 cm; distance from the axis of crystal B to the ionization 
chamber window, 4.5 cm; length of the ionization chamber, 40 cm; diameter 
of the chamber, 4.3 cm. The ionization chamber was filled with a mixture 
of ethyl] bromide and argon at partial pressures of 17 cm and 59 cm respec- 
tively. The slit for admitting x-rays into the ionization chamber was 3 mm 
wide. 

Two slit systems were used simultaneously which will be referred to as 
the horizontal and vertical slits respectively. The vertical slits limited the 
spread of the beam in a horizontal plane (more generally, a plane per- 
pendicular to the axes of rotation of crystals A and B). The horizontal slits 
limited the spread of the beam in a vertical plane (one including the axes of 
rotation). The vertical slits were 30 cm apart and each 1.5 mm in width. The 
horizontal slits were 30.95 cm apart. The widths used for them will be given 
later. 

Molybdenum target tubes supplied by the General Electric Company 
for crystal analysis work were used. In these tubes the face of the target is 
normal to the impinging electron beam which lies in the long axis of the tube. 
The radiation used in the spectrometer was taken at a glancing angle of 8 
from the target face. It will be shown later that this is not the most desirable 
arrangement for the double spectrometer. The tubes were cooled by pumping 
kerosene through the targets. 

The high potential for operating the tubes was supplied by a 550 cycle 
transformer-kenetron-capacity set in which the calculated voltage fluctua- 
tions at 50 k.v. and 20 milliamperes tube current were 1.8 percent. The 
voltages were read on a high voltage electrostatic voltmeter which had been 
calibrated by measuring the short wave-length limit of the continuous 
spectrum. 

The electrometer has been described in a previous paper.’ 

The calcite crystals used were freshly cleaved from an optically clear 
parallelopiped whose surfaces were cleavage planes, by placing a razor blade 
as accurately as possible parallel to the cleavage direction and tapping it 
sharply with a light hammer. The faces from which the x-rays were re- 
flected were the fresh faces from a single fracture and were rhombs whose 
sides were 1.9 cm long. These faces were not by any means optically flat. 
Close inspection showed that the fracture had not been all in one plane but 
that there were very thin “steps’’ on the crystal face. The holders for the 
crystals could be slipped out of the dove-tailed guides’ and replaced in 
them without changing the orientation of the crystals more than about 10 
seconds of arc about a vertical axis. The crystals were removed in this 
manner after each set of readings and placed in a dessicator over dehydrated 
calcium chloride and a few sticks of sodium hydroxide. This was done to 
safeguard the fresh surfaces from attack by acid fumes which might be in the 

§ See reference 7, Fig. 2 p. 476. The springs K were unhooked, and E and its superstruc- 
ture slid out of F. 
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air. There was no evidence of deterioration of the surfaces during the period 
of observation. 

A thermometer which could be read to a few hundredths of a degree 
centrigrade was placed over the spectrometer and read at frequent intervals 
while working in anti-parallel positions. 


ADJUSTMENTS 


It is convenient to speak of a “central ray” which may be detined as a ray 
passing through the geometric centers of the slit apertures. The adjustment 
of the instrument must insure the following conditions. 


(1) The central ray must pass through the center of the focal spot of the 
x-ray tube. 

(2) The central ray must intersect the reflecting surface of crystal 4 near 
its geometric center. 

(3) The axis of rotation of crystal A must intersect the central ray at the 
point where the ray intersects A's surface. 

(4) The axis of rotation of crystal A must lie in its reflecting surface. 

(5) The central ray, after reflection from crystal 4, must intersect the 
reflecting face of crystal B near its geometric center. 

(6) The axis of rotation of crystal B must intersect the central ray at the 
point where the ray intersects B’s surface. 

(7) The axis of rotation of crystal B must be parallel to that of 4. 

(8) The axis of rotation of crystal B must lie in its reflecting surface. 

(9) The central ray after reflection from crystal B, must enter the ioniza- 
tion chamber through the center of its slit and pass down the long axis of the 
chamber. 


A necessary condition for the fulfillment of these requirements is that the 
central ray, the focal spot of the tube, the geometrical centers of the reflecting 
faces of the crystals and the axis of the ionization chamber lie in the same 
(horizontal) plane. This is accomplished partly in the original construction 
of the instrument and partly in the judicious placing of the crystals on their 
holders. 

The spectrometer was levelled by means of levelling screws. The reflecting 
face of A was made vertical as follows. A cathetometer carrying a horizontal 
slit system was set up about 150 cm from the axis of A. The cathetometer 
was used merely as a rigid support for the slit system. The horizontal slit 
system of the cathetometer could be rotated about a horizontal axis until its 
central ray was horizontal to within 30 seconds of arc. This was accomplished 
by means of a sensitive spirit level. A parallel beam of light from an arc-lens 
combination was sent through the slits carried by the cathetometer and re- 
flected from crystalA. Thecathetometer was set in such a position that the re- 
flected beam from the surface of A almost coincided with the incident beam. 
By means of a set screw in the crystal holder,’ A was tilted about a horizontal 
axis until the beam reflected from it was in the same horizontal plane as the 


® See reference 7, Fig. 2 476. R is the set screw referred to here. 
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incident beam. Due partially to the step-like structure of the cleavage 
surfaces previously mentioned, the reflected beam was not perfectly defined 
and this allowed an error of perhaps 2 minutes of arc to remain in the verti- 
cality of A. 

The vertical slit system of the spectrometer was then made vertical by a 
plumb line or by setting an accurate right angle on the upper flat surface of 
the spectrometer and sighting past its vertical arm through the slits. The 
mechanism for closing the jaws of the vertical slits was such that they neces- 
sarily opened symmetrically about the central ray. The slits were then made 
about 0.05 cm wide and a beam of (ight from an are sent into the spectro- 
meter. This beam was observed on a ground glass or other translucent 
material after it had passed the axis of crystal A. Crystal A was then trans- 
lated horizontally and rotated about its vertical axis until the ground glass 
showed that its face, when parallel to the light beam, extended just halfway 
into it. The crystal was then rotated through 180°. In this new position it did 
not, in general, again bisect the beam. Half of the adjustment necessary was 
taken up by rotation of the slit system about a vertical axis and half by 
translation of 4A horizontally and rotation about its vertical axis. A was then 
rotated through 180° again and the process repeated. By this method 
requirements (2), (3), and (4) of the preceding list could be satisfied. 

In the adjustment of crystal B it was assumed that in the construction of 
the instrument requirement (7) has been met. It will be seen that this un- 
certainty may be a cause of error in the curves obtained in parallel positions. 
Crystal A was removed from the spectrometer. Crystal B was made vertical 
by the cathetometer method, and the arm carrying B’s axis of rotation (this 
arm revolved about the axis of A) was set so that the beam of light from the 
spectrometer slits passed approximately over B’s axis. The accurate adjust- 
ment was made similarly to that of A by repeated rotations of B through 
180°. In this case the arm carrying the axis of B and the horizontal transla- 
tion of B were adjusted until the surface of B was half-way across the beam 
at positions 180° apart. In this way requirements (5), (6), (7), and (8) were 
satisfied. In subsequent settings of the instrument the arm carrying the 
axis of B was rotated through twice the angle that the crystal A was turned 
around its aNis. 

The ionization chamber was set by noting where the beam of light entered 
its window. Later the position corresponding to requirement (9) was more 
accurately found by moving the ionization chamber across the reflected beam 
of x-rays from crystal B and setting it at the center of the angular range 
through which radiation entered its window. 

When the adjustments of crystals A and B and the preliminary adjust- 
ment of the ionization chamber had been made the x-ray tube and horizontal 
slits were put in place. By means of a fluorescence screen it was ascertained 
that the x-ray beam (which in the actual experiments had a rectangular cross 
section about 0.15 0.1 em at crystal A) was horizontal. The vertical slits 
were then further narrowed and the instrument used as a single crystal 
spectrometer with only crystal A in use. An emission line of the target was 
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found and the x-ray tube shifted horizontally until the maximum intensity 
was obtained. This made certain that the central ray passed through the most 


intense part of the focal spot of the tube. 
PURPOSE OF THE EXPERIMENTS 


The purpose of the experiments can best be understood by a brief outline 
of the theory of the instrument. A notation for the double spectrometer has 
been suggested by the authors in a previous paper.'® This notation has been 
of the greatest service in guiding the course of the experiments and will be 
retained. A fundmental expression for the instrument is that the dispersion 


D may be written as follows: 
dO; Ny Np 
D : + (1) 


dX 2d cos Gy 2d cos AR 


in which the meaning of the symbols and the convention as to sign of 7, have 
been previously given.! 74 is to be considered always positive. #7, Is negative 
when the first incident and last retlected rays are on opposite sides of the first 
reflected ray,'' otherwise it is also positive. 1 setting of the instrument is 
described by giving the values of 74 and #, in the form (4, 7%) and of the 
wave-length retlected. Eq. (1) is derived by differentiation of the Bragg law 
and addition of the dispersions of the cystals. 

The second equation for the double spectrometer that we shall consider 
here gives the observed width of the rocking curve for any line in the spectrum 
at any setting of the instrument. We will temporarily assume that geometric 
widths due to slit heights and deviations of the crystals from verticality have 
been made negligibly small. We then have” 


Wo = (Wa? + Wa? + D*W)*)!?. (2) 


In this equation, W represents the half width at half maximum in angular 
measure of the observed rocking curve, W.4 the half width at half maximum 
in angular measure of the curve (assumed Gaussian error curve) representing 
the intensity of reflection from crystal 4 as a function of the deviations from 
the Bragg angle, W's is the analogous quantity for crystal B, D is defined in 
(1) and JW) is the half width at half maximum of the line in question in 
linear measure. In the derivation of (2) it is assumed that the line has a 
(,aussian error curve distribution of intensity. 

From Eqs. (1) and (2) it is seen that the positions of the double spectro- 
meter naturally fall into two classes, so-called parallel and anti-parallel 
positions. Parallel positions are distinguished by having D =0, or ng = —2H4. 
If D=Oin Eq. (2) we see that the observed width is due to the angular range 
through which a crystal may be turned and reflect a single wave-length, in 

10 Allison and Williams, Phys. Rev. 35, 149 (1930). The interpretation of negative values 
of D from Eq. (1) is also found here. 

1 Schwarzschild, Phys. Rev. 32, 162 (1928). 

2 Schwarzschild, reference 11. This equation may be obtained by combining Eqs. (43) 
and (45) of his paper. Important special cases of this equation had been previously developed 


by Ehrenberg and Mark, reference 3. 
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other words, the widths in such positions are closely related to the limit of 
resolution of the instrument. Anti-parallel positions have D #0 and are all 
positions for which m4 # —n,. From Eq. (2) it is seen that the rocking curves 
in such positions include, in addition to the factors giving the widths in 
parallel positions, contributions from the widths of the spectrum lines 
themselves. 


RESULTS IN PARALLEL POSITIONS 
If D=0Oin Eq. (2), it becomes 
W = (Wa? + We?)!”. (3) 
If we now assume that W4 = Wsz= W. we may write this 
W = 2'/2py, (4) 


where JW’ is the observed width and JW’. the interference pattern width from a 
single crystal. 

We have investigated the values of W for the reflection of MoKa, in the 
first five orders from the cleavage face of calcite. If the adjustments pre- 
viously described were not perfect, there would be an appreciable width to 
the rocking curve in these positions due to geometric causes, that is, there 
would be a width even if the width of the interference pattern of the crystals 
were zero. It has been shown by Schwarzschild™ that this width would be 

' 20(64 + bp) 
6, = —— (5) 
cos 6 

where 60’, is the angular range in parallel positions through which crystal B 
may be turned and yet reflect some of the radiation sent to it by A. 64 and 
5, are the angular deviations of the reflecting faces of crystals A and B from 
verticality, # is the glancing angle, (the same for both crystals) and ¢ is one 
half of the maximum angle between any two rays in a plane parallel to the 
axes of rotation of the crystals. Eq. (5) is derived on the assumption that the 

axes of rotation of crystals A and B are parallel. 

In our experiments it was found that the widths of the rocking curves in 
parallel positions were very sensitive to deviations from verticality of the 
crystals. The method of setting for verticality previously described was not 
sufficiently accurate in general to produce the narrowest curves. The follow- 
ing procedure was adopted. The face of crystal A was set vertical within the 
limits of accuracy of the cathetometer method. (The reflected light beam was 
somewhat sharper from A than from B). Crystal B was then set vertical 
within the limits of error and a rocking curve taken. B was then rotated in 
small steps around a horizontal axis (a minute of are at a time) and rocking 
curves taken for each position until a minimum width was found. If at this 
position 6, and 6, are zero, then from Eq. (4) the width observed should be 


13 Schwarzschild, reference 11. see Eq. (24) of his paper in which R= 2(5qg+43) cos @ and 


@=s/L 
14 See the figure mentioned in reference 9. The screw R is used. 
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independent of @. Several experiments were made to test this by changing the 
value of @ after the position of minimum width had been found. @ was varied 
by varying the width of the horizontal slits. The maximum value of @ was 
limited by the height of crystal B and was about 0.015. 


iy ‘ i-«- Jil, , sif sare Tent . a? ’ vii») of> r¢ 7 - q 
PaABLE TL. Minimum half width at half maximum in parallel positions as a function of 


Observed IV’ 


Position rea) seconds 
(1, 1 O15 3.0 
(1, 1) O12 3.9 
8B 2 O15 1.0 
- 2 0072 £5 
(2, —2 0054 .90 


Table I shows that from a value of @ of 0.0054 to a value of 0.015 the 
changes in the width of the rocking curve observed were within the limit 
of error to which a given experiment could be duplicated. The low intensity 
of reflections such as (4, —+4) and (5, —5) made the use of the larger value of @ 
very desirable and Table I seems to justify this procedure. 





| || \ 
| {| 
| { 7 


Fig. 1. Observed rocking curves in parallel positions. Ordinates are proportional to ioni- 














zation currents, abscissae to angular settings of crystal B. The vertical scale is not the same 
for all the curves. 


Fig. 1 shows some of the rocking curves obtained, and in Table IT the half 
widths at half maximum, together with the values of WW. calculated from Eq. 
(4) are listed. 


TABLE I]. Minimum half widths at half maximum in parallel positions. MoKea 


Position Il" (seconds) I". (seconds) 
(1,-—1) 3.0 | 
[> 9) 90 64 
(3, —3) 95 .67 
(4, —4) 1.1 .78 
(5,—5) $2 .88 
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DISCUSSION OF RESULTS IN PARALLEL POSITIONS 


Sources of error. Probably the most important source of error in the values 
of Table II arises from a possible lack of parallelism of the vertical axes 
around which A and B were rotated. Unfortunately the apparatus was 
designed in such a manner that these axes were rigid with respect to each 
other and no adjustment could be made. Other sources of error are (1) ir- 
regularities in the slow motion screw moving B; (2), temperature differences 
between crystals A and B. No evidence of irregular motion of B was ob- 
tained; rotation in regular steps of one-half second of arc seemed possible. 
Although variations in the temperature of the room of a few tenths of a de- 
gree centigrade sometimes occurred while a curve was being taken, the 
possibility of significant temperature difference between the two crystals 
(19 cm apart) seems excluded. 


Fig. 2. A. Theoretical reflection curve from a perfect crystal for polarized x-rays (Eq. 
(6) and (7) and (8), or Eq. (9) and (7) and (8)). B. Theoretical reflection curve for unpolarized 
rays. The innermost curve represents the reflection of the component whose electric vector 
lies in the plane of incidence. The intermediate curve represents reflection of radiation polarized 
so that its electric vector lies perpendicular to the plane of incidence. The outermost curve 
is the sum of these components. 


Comparison with theory of a perfect crystal. The reflection of plane waves 
from a so-called perfect or ideal crystal in which there is no warping or mosaic 
structure has been theoretically studied by Darwin® and Ewald." 

Plane, monochromatic waves fall on an idealised crystal made up of 
electrons lying on planes separated by a constant distance. The radiation is 
polarized in such a plane that the electric vector lies perpendicular to the 
plane of incidence. Fig. 2a shows the intensity of reflection to be expected 
as a function of glancing angle. The curve is symmetrical about a glancing 
angle which may be obtained from that calculated by Bragg’s law by correct- 
ing for the index of refraction. The extent of the region of 100 percent re- 
flection is given by 

A@ = 46 cosec 26 (6) 


1% Darwin, Phil. Mag. 27, 325 and 675, (1914). 
16 Ewald Phys. Zeits. 26, 29 (1925). 
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where A@ is the range of glancing angle @; 6 is the deviation of the index of 
refraction from unity. Outside the region of perfect reflection, the intensity 


falls off rapidly. The equation of the curve in these regions is given by 
AO : . 1 
Tye = Iv : , €-0>—M (7) 
2(6 — 6) + (410° — 8)* — Ad)! ? 2 
AQ 1 
Io-_6 = 1( - , O-0< ——AM (8) 
2(0’ — 0) — (4(0 — 0)? — AO*)!? 2 


where J» ¢ is the intensity at a glancing angle 0’, J» is the incident intensity, 
and Aé is detined by Eq. (6). If Ja —¢ Jo is set equal to 3 in Eq. (7), and the 
half width at half maximum calculated it is found to lie at a value of 6'—6 
equal to 1.06 A@ 2. 

If the incident radiation is plane polarized in such a manner that the 
electric vector lies in the plane of incidence, the analogous equation to Eq. 
(6) is 


A@ = 46 cot 26. (9) 


The radiation used in these experiments was a characteristic emission line 
of the target, known to be unpolarised. We may consider the unpolarised 
incident light resolved into two components, with electric vectors parallel 
and perpendicular to the plane of incidence. The intensity of each one of 
these components will be half the incident intensity. The reflection curve for 
unpolarised incident rays will then be the sum of two curves given by Eqs. 
(6) and (9) and the Eqs. (7) and (8) appropriate to each. Such a curve is 
shown in Fig. 2b. 

The half width at half maximum for the unpolarised curve will be slightly 
greater than 26 cosec 20 by a factor which approaches 1.06 as the glancing 
angle is decreased and falls off to unity at larger glancing angles. As will be 
seen later this correction is less than the uncertainty in the structure factors 
involved and will therefore be disregarded. 

For a real crystal, the electrons are of course not situated on equidistant 
planes but are distributed throughout the structure. In this case the formula 
for the half width at half maximum for unpolarised radiation becomes 


2F6 cosec 20/Z (10) 


B= Spetrninetentin, “ 


where 


In the preceding equations, F is the structure factor, or equivalent reflecting 
power of the Z electrons in the unit cell of the crystal, F; is the ionic structure 
factor, » is the order of reflection, h, k, / are the Miller indices of the plane, 
and x;, y;, 3; are the coordinates of the atom 7 in the unit cell.'’ The unit cell of 


'7 Our thanks are due Professor Linus Pauling for his aid in calculating the structure fac- 
tors given here. 
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calcite contains two molecules of CaCO. Its sides are not parallel to those of 
a natural cleavage parallelopiped, so that the Miller indices of a plane in the 
true unit and the cleavage unit are not the same. The cleavage plane, which 
has indices (100) in the cleavage unit, has indices (211) in the true unit,'® 
and these are the values to use in Eq. (11) for hkl. The ionic structure factors 
for calcium and oxygen were taken from Bragg and West.'* The ionic struc- 
ture factor for carbon was assumed to be one-fourth of that for oxygen. The 
calculation of the structure factors used is indicated in Table III. 


TABLE III. Structure factors for (100) planes of calcite for MoKay. 


Order (sin @) /X Fea Fe Fo F 
1 0.165 15.1 1.8 6.6 2( Fea + Fert Fo)=47.0 
2 330 10.5 9 1 2 Fea 7" Fy )—2 Fo= 16.2 
3 495 7 4 Fe: 2( Fea + Fot+ Fo)=19.4 
4 .660 5.9 re 9 2( Feat Fo) +6Fo= 17.6 
5 .825 4.5 1 a 2( Fea + Fot+ Fo)=10.2 


| 


The theoretical half widths at half maximum for the unpolarised MoKa, 
radiation from calcite may now be found by inserting the values of F from 
Table III in Eq. (10), using Z=100. The value of 6 taken from A. H. 
Compton*’ is 1.84 10~*. In this way the theoretical values of Table IV were 
obtained, in which experimental values due to Davis and Purks*! are in- 
cluded. 


TaBLE IV. Comparison of theoretical and observed values of W. (Eqs. (10) and (4). MoKa 





_ We We 
Order Theory Eq. (10) Exp. Eq. (4) Davis and Purks 
1 1.5 sec. 2.1 sec. 1.6 sec. 
2 .28 .64 45 
3 ee .67 
4 .16 .718 
5 .08 .88 


The values of Table IV are shown graphically in Fig. 3. It is seen that the 
crystal reported by Davis and Purks has very nearly the predicted half width 
for a perfect calcite crystal, while those used in this investigation were less 
perfect on this criterion. It is interesting to note that the theory gives results 
which agree well with experiment for the widths of the curves, although it is 
known that the intensity predictions are not verified. 


18 Strukturbericht of the Zeits. fiir Krystallographie, pp. 292-295. 

1° Bragg and West, Zeits. f. Krystallographie 69, 118 (1928). 

20 A. H. Compton, X-rays and Electrons, p. 218 Table VII-2. 

21 Davis and Purks Phys. Rev. 34, 181 (1929). These investigators state that their ob- 
served widths are less than those predicted for a perfect crystal. They used a theoretical for- 
mula, however, in which an effective width had been calcualted for the purpose of expressing 
the reflected energy as the product of the incident intensity by this effective region of 100% 
reflection. 
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RESULTS IN ANTI-PARALLEL PosITIONS 
In the nomenclature which we have adopted for the instrument, D is 
finite in anti-parallel positions. The total geometrical width in anti-parallel 
positions is given by the formula 


50, = SDde* (12) 


in which 66» is the fofal angular range through which erystal B can be turned 
while reflecting the wave-length A. Since what we have measured is the half 
width at half maximum, the correction for geometric width should not be the 
entire amount of Eq. (12). The purely geometric rocking curve corresponding 
to Eq. (12) is not symmetrical about its maximum.” Its shape depends on the 
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Fig. 3. Comparison of observed and calculated values of the half width at half maximum 
of the reflection curve from calcite. 


intensity of the bundle of parallel rays passing through the slits and making 
an angle a with the central ray in a vertical plane relative to that of the 
bundle of rays proceeding parallel to the central ray. This will be referred to 
as the variation of intensity with vertical divergence of the beam. If the 
widths of the horizontal slits are /; and he, (d, 2/1), and the distance between 


them is L, 
Qo = (/r, + hs) pt oe (13) 


¢ calculated from Eq. (13) gives the upper limit of a. If we neglect variations 
of intensity in the focal spot itself, we may assume that the intensity of a 
parallel bundle of rays is proportional to its cross-section area. This gives 
I, =Te for 0O<a < (hte — hy) 2L (14) 
a = To(hy ot hie) (A — @/@)} 2h for hrs - hy 2L < a < Q. (15) 


22 Eq. (12) occurs in Schwarzschild’s paper as }(tan@, +tan@:)¢?. It does not, of course, 
express the entire geometric width if the crystal faces and axes are not vertical. The percen- 
tage contribution to the geometric width from lack of verticality is much less in anti-parallel 
than in parallel positions due to the preponderating influence of the natural line breadths. In 
our experiments it was found by trial that using the cathetometer and horizontal slits we could 
set the crystals so nearly vertical that the minimum width was obtained at once in anti-parallel 
positions, although, as has been previously stated, this was not true in parallel positions. For 
this reason we do not include a term involving verticality corrections in Eq. (12) 

23 See Schwarzschild, reference 11, p. 166, Fig. 3b curve D. This curve corresponds to a 
function J,= Jo(@—a), or to horizontal slits of equal width. 
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In the preceding equations, J, is the intensity of a bundle of parallel rays 
having a vertical angular divergence a; J» is the intensity of the bundle of 
rays parallel to the central ray. Due to geometric causes alone, as crystal B 
is rotated from the position in which the central ray makes the angle of best 
reflection for a certain wave-length, other vertically divergent rays also can 
make this glancing angle and be reflected. If & is the angular deviation of 
crystal B from the position of reflection for the central ray, and @ the vertical 
divergence of the bundle of rays making the correct angle for reflection at &, 


' Doe (16) 


We wish to find the value of € at which this geometric rocking curve comes 
to half maximum. If we set Ja ‘J, =} in Eq. (16) and solve for a, we find 


Que = hia (hy +. he) (17) 
and substitution in Eq. (16) gives 
1 he \ 2 
s2 = > Dd? (18) 
! be + bd 


In correcting our results for geometric width in anti-parallel positions we 
have substracted the values of & calculated from Eq. (18) from our observed 
full widths at half maximum. 

The temperature correction. In their paper on the natural widths of x-ray 
lines Ehrenberg and von Susich noted effects on the widths of the rocking 
curves in anti-parallel positions which they ascribed to a change in tempera- 
ture of the crystals while the readings were being taken. It is easily shown that 


d0;/dT = — adyD (19) 
where d@, is the angular range on crystal B corresponding to a temperature 
change dT. The negative sign has the same interpretation as that previously 
given.’ a is the linear expansion coefficient of calcite in a direction perpendi- 
cular to the cleavage planes,™ which is 1.0410-. For the reflection of 


MoKa, in the (1, 1) position Eq. (19) gives d@,,/,dT = —0.51 seconds of are 


TABLE VV. Half widths at half maximum for MoKay, at 59 kv. 


A= 707.768 X.U. d= 3.02904 A. 

Position D hy h» f WW W4 Ip no. Wy 
(m4, mp) "/X.U. cm cm aver- 

aged 
(1,—2) 35.748 ian 243 .63" 6.4 Z.1 04" 1 < , 7? 
(1-2) 35.748 110 23 17 60 21 ‘od 3 SANLC 
(2,-—1) 35.748 .10 a 17 6.5 64 2.3 1 .168 
(1,1) 08.572 .10 can 34 11.2 2m a 4 .155 
(1,—3) 74.777 10 an 30 11.4 2.1 07 2 .148 
(1,2) 104.32 .10 .23 51 15.0 Fe 64 5 .139 
(2,1) 104.32 10 a 51 14.8 64 2.3 1 .138 
(2,2) 140.07 23 30 Ca 19.7 .64 64 3 136 
(1,3) 143.34 10 ae 70 19.8 .67 2 .135 


Weig chted average of WA=0.147 VU. 
( ‘orresponding energy width 3.63 volts. 


* Siegbahn, Phil. Mag. 37, 601, (1919). 
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per degree centigrade. During the readings in the anti-parallel positions, the 
thermometer was frequently read. The change of temperature during the 
observations was never over 0.5°C. Accordingly we have made no tempera- 
ture corrections to our results. 

We have investigated the half widths at half maximum of the rocking 
curves for MoAKa, for as many positions of the instrument as were con- 
veniently possible with the intensity available. The results are shown in 
Table V. 

The values of HW, in column 10 of Table V are in general averages of 
several trials, the number of trials being given in column 9. In taking the 
averages we have weighted our results according to our estimate of their 
reliability. Some of the curves taken are shown in Fig. 4. 


1,2 
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Fig. 4. Observed rocking curves in anti-parallel positions for MoKa, at 50 k.v. Ordinates 
are proportional to ionization currents, abscissae to angular settings of crystal B. The vertical 


scale is not the same for all the curves. 


We have investigated the half width at half maximum of MoKa, as a 
function of voltage from the excitation voltage up to 50 k.v. If part of the 
observed width is due to satellites arising from multiply ionized states of 
the atom the width should depend on the voltage. The results are given in 
Table VI. The details given in Table V are omitted, although all corrections 
were made. 


VI. All observations tn (1,1) 


Variation of width of MoKa, with voltage. 
position. 


TABLI 








Voltage Wy 
25.0 kv 0.143 VU. 
37.0 .162 
46.2 .150 
50.0 my 


We have also investigated the width 
(1, 2) positions as shown in Table VII. 
widths W, and W, were the same as had 


of the line MoKaz in the (1, 1 and 
It was assumed that the crystal 
been measured for MoKa,. 
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TABLE VII. Half widths at half maxtmum for MoKaz at 50 k. v. 


A=712.078 X. U. 


d=3.02904 A. 














Position D hy he £3 W Wa VB no. of Wy 
(n.4,"p) "/X.U. cm cm observa- 
asdenictne dames tam eeeeten coterie ne ie eet = _tions ‘ 
(1,1) 68.572 0.10 0.23 0.34” FOR Oe > 5 0.169X.U. 
2 2.1 .64 5 


(1,2) 104.36 10 .23 on 16. mb) 


Weighted average of 11,=0.161 Y.U. 
Corresponding energy width 3.92 volts. 


DISCUSSION OF RESULTS IN ANTI-PARALLEL POSITIONS 


We shall first discuss the results given in Table V. It is seen that in 
positions in which D varies from 35.748 to 143.34 seconds per X. U. the half 
width at half maximum JV) varies from 0.155 X. U. (if we disregard the single 
observation at (2, -1)) to 0.135 X. U. or a variation of about 13 percent. This 
Variation is not random, however; there is a distinct trend toward lower val- 
ues of IV, with higher values of D. A systematic error is therefore indicated. 
We are not certain where this systematic error lies, but offer the following 
hypotheses (1). The actual shape of the lines differs from the Gaussian error 
curve shape sufficiently to make Eq. (2) inapplicable; (2) The effect is due 
to the finite size of the focal spot. 

It is possible to calculate the size of focal spot which would explain the 
effect. Due to the fact that during the measurement of a line, crystal A is 
left stationary, the radiation reflected by B at various values of ¢ must come 
from different parts of the target. This effect is increased for higher values 
of D (broader curves) and by the fact that the radiation was taken at a 
glancing angle of 8° from the target face. [Let us assume that the adjustments 
have been correctly made and that therefore when crystal B is reflecting the 
tip of the peak for a line, the radiation reflected comes from the most intense 
part of the focal spot. As B is rocked to either side of this position, the radi- 
ation reflected will have a different initial intensity if the focal spot is finite 
inextent. We have calculated that if the distribution of intensity in the focal 
spot in the particular tube used is such that at a distance of 0.43 mm from 
the center of the spot the intensity has fallen to 3 that at the center, a 10 
percent decrease in rocking curve width in the (2, 2) position can be ex- 
plained. This corresponds to a diameter of 0.86 mm for the most intense part 
of the focal spot. The region of discoloration of the target appeared to be 
about 2.5 mm in diameter so that this explanation does not seem obviously 
impossible. If in later work it is found that this decrease of wave-length 
width with increasing D persists when a broad focus tube is used and rays 
taken at a large glancing angle from the target this explanation must be 
abandoned. 


From Table VI we conclude that there is no significant variation of the 
width of MoKaq from 25 kv to 50 kv. The excitation voltage is 19.945 kv, 
but from intensity considerations it was not possible to take measurements 
below 25 kv. This indicates that the observed width is not due to satellites. 
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We obtained no evidence of satellites of MoKa, or ae from our experi- 
ments.”® 

Table VII indicates that the width of MoXag is slightly greater than 
MoKa,. The observed difference between the widths of the two lines is 
however close to the experimental error and we cannot positively assert that 
there is a difference in width. 

The half width at half maximum to be expected from the classical theory 
of an oscillating electron damped by the electromagnetic radiation emitted 


is°6 


ee (20) 
WNC 
where e is the electronic charge in e.s.u., #7 the electronic mass and c the 
velocity of light. Eq. (20) gives Ax = 5.9X10-8 em. Our measured value 
of Wy for MoKa, is 1.47X10°™ or 2.5 times as large. If we call 7 the time 
required for the vibrations of the electron to decrease to 1, e of their initial 
amplitude, 


. = ~ ‘ ()1) 


Using AX = 1.47 X 10>! we find r=1.810-" seconds, which gives the order 
of magnitude of the life of a molybdenum atom excited to the K state. 

Ehrenberg and Mark,’ using diamond crystals, found 17, =0.204 X. U. 
for MoKa, and 0.199 for MoKaz. Ehrenberg and von Susich* found, using 
calcite, 17, =0.19 X. U. for MoKa;. These observations were made _ us- 
ing only the (1, 1) and (1, -1) positions. 

Davis and Purks*® observed the rocking curves in the (2, 2) and (3, 3) 
positions but did not give a definite value to the line width as they interpreted 
their curves as being composed of satellites. The present results may be 
considered as an extension of the work of Ehrenberg and Mark and Ehrenberg 
and von Susich. Their results are confirmed in the sense that a line width in 
excess of the classically predicted value was found. The lower value found 
here may be partially due to the limitation of the vertical divergence of the 
x-ray beam. 


> Davis and Purks, Proc. Nat. Acad. Sci. 14, 172 (1928). Allison and Williams, Phys. 
Rev. 35, 149 (1930). 

26 W. C. Mandersloot, Jahrb. der Radioakt. und Elektron. 13, 16 (1916), A. Hl. Compton, 
X-rays and Electrons, p. 56. ‘The expression given here corresponds to full wisth at half’ maxi- 
mum. 
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ABSTRACT 


The paper deals with the assignment of the vibration quantum numbers of the 
violet degrading system of the magnesium oxide bands. The frequencies of vibra- 
tion for infinitesimal amplitude are found to be 716 cm™ and 751 cm" for the upper 
(initial) and lower (final) states respectively. The heat of dissociation as calculated 
from the extrapolation of the w":” curve is nearly 5.8 volts 


INTRODUCTION 


REVIEW of the studies of the band spectrum of magnesium oxide has 

been given by Kayser! till the year 1910. Since then there has been no 
further investigation of the bands which are found to lie in the red, green 
and ultraviolet regions. 

Lecoq? was the first to observe the bands of MgO in the green region. 
The bands lying in this as well as in the two other regions have been measured 
by Eder,’ Brooks,‘ Olmstedt® and others. They excited these bands either 
by sparking through a solution of magnesium chloride, or by burning mag- 
nesium ribbon in air, or by burning the salts in an oxy-hydrogen flame or 
by arcing or sparking between magnesium electrodes in oxygen at reduced 
pressure. 

The necessity of the presence of oxygen in the production of these bands 
has been shown by Dewar‘ and also by Brooks.‘ These bands were found to 
come out in the presence of air and CQ, but would completely disappear 
when nitrogen or hydrogen was substituted. Even when the sparking bet- 
tween the magnesium electrodes was continued for a long time in the atmos- 
phere of COs, these bands would gradually become fainter and finally dis- 
appear. 

By using a new method of excitation, we have obtained the bands lying 
in the blue and green regions but the bands in the ultraviolet region observed 
by Olmstedt did not come out. 

So far no relations, either empirical or theoretical, have been found among 
the various heads of the magnesium oxide bands. The object of the present 
paper is to obtain the vibrational quantum analysis of the bands com- 


' Kayser, Handbuch der Spectroscopie, 5, 717 (1920) 
> Lecoq, Spectres Lumineu, Paris, 1874. 

‘ Eder, Beitrage zur Photochemie und Spectral Analysis, 1904, pp. 410 
‘ Brooks, Proc. Roy. Soc. A80, 218 (1908); Nat. Acad. 78, 198 (1908). 
5 Olmstedt, Zeits. f. Wiss. Photogr. 4, 255 (1906). 

®§ Dewar, Proc. Roy. Inst. 9, 204 (1882) 
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posing the blue-green system. The rotational structure of these bands 
shall be treated in a later communication. 
I XPERIMENTAI 

A quartz spectrograph (Model E 1 of Adam Hilger) of the Littrow type 
has been used in the investigation. The burning of magnesium ribbon in air 
or in an atmosphere of oxygen is certainly the most natural way of exciting 
the oxide bands for they come out only during the combination of magnesium 
with oxvgen. But the magnesium ribbon while so burning forms a flocculent 
white oxide which glows in the light and becomes a source of continuous 
radiation. To avoid this, a mixture of powdered magnesium metal and 
nitrate of magnesium in suitable proportions was used. This mixture, on 
being ignited, produces an explosive flash and quickly disperses away the 
Hoceulent oxide. In this case it was found that the spectrum showed a larger 
number of bands than when magnesium ribbon was simply burned in air or 
in the atmosphere of oxvgen. The heat generated during the flash was enough 
to melt a platinum wire (about a millimeter in thickness) which was used 
as the sparking arrangement. The flash so produced was focussed by a quartz 
lens on the slit of the spectrograph and the number of flashes required for 





an exposure depended on the sensitiveness of the photographic plate in the 
region in which the bands were photographed. From a preliminary observa- 
tion, these bands were found to lie between the regions 45210 and A4700. 
Hford Special Process Panchromatic Plates were used which gave the best 
results in these regions. 

The comparison lines for calculating the wave-lengths were obtained from 
a Pfund iron are. They were phovographed on either side of the bands. 
The standard wave-lengths used were those of Meggers, Kiess and Burns. 
Actual measurements of the band-heads were done on a Hilger comparator. 
Qn account of a general diffuse character of some of the bands and high mag- 
nifving power of the comparator used, difficulties were encountered in the 
correct location and measurement of the weak bands. It is, however, very 
well known that it is the identification and location of the “null” or “zero” 
line in an individual band, which is of more importance than that of its head 
or edge, in arranging the bands into various n’ and n”’ progressions. Unless 
the line structure of a band be studied under sufficient dispersion, the “null” 
line can hardly be located. Thus the frequency of the head may be taken to 
fit the various progressions. This, however, will produce some error. R. S. 


Mulliken’ is in favour of setting the cross-wire of the comparator on the point 
7R.S. Mulliken, Phys. Rev. 26, 2 (1925). 




















ANALYSIS OF MgO BANDS 1493 


of maximum blackening for each band as it reduces the uncertainty in locating 
a band-head. This procedure has been adopted by us in the measurements of 
the bands where possible. No where within the range of our measurements 
could we find a band in which the head could be distinguished from the “null” 
line either by a gap in the shading or even by a mere lightening—so the meth- 
od of indirectly calculating the null lines from the observed bands could not 
be applied. 
ANALYsIS OF MGO BANDs 


A visual inspection of the plate indicates that the bands near about 
5211 have been resolved inspite of the low dispersion of the quartz spectro- 
graph in this region. They have, however, been identified to be the hydride 
bands of magnesium. Considerable difliculty was, therefore, met with in 
locating the oxide bands lying in this region. It is, however, found that the 
bands at A 5007 come out very easily, even when magnesium ribbon is simply 
burned in air. This fact seems to be in agreement with the intensity measure- 
ments and with the excellent reproduction of Eder and Valenta (“Atlas ty- 
pischer Spektren,” Wien, 1928). Hence they were taken as the O-sequence. 


WAVE-LENGTH DATA 


The results of the present measurements together with the data of the 
previous investigators are given in the following table. 


TABLE I. 
Authors Previous investigators 
noon” Nair(1.A.) vy (Vac) O-—-C Eder Brooks Morse 
A (R.S.) A (R.S.) A (R.S.) 

0 1 5190.91 19,259 —1.00 5190.00 (1) 5191.00 
i 2 5177.18 19,310 2.00 5177.23 (1) 
2 5162.99 19,3603 1.00 5162.81 (4) 5162.00 
3 4 5148.50 19,418 —4.00 5145.87 (3) 5145.00 
4 5 5130.34 19,486 0.00 5130.34 (4) 
5 6 5113.47 19,551 3.00 
6 7 5097 .95 19,610 1.00 5096.02 (1) 
; 8s 5085 .42 19,059 —+4.00 5086.50 
8 9 5072.64 19,708 1.00 5072.00 
0 0 5007 .13 19.966 —1.00 5007.44 (10) 
1 1 4996.84 20 007 4.00 4996.85 (8) 
= 4986 .32 20,049 2.00 4986.23 (6) 
a 2 4975.51 20,093 —3.00 $974.81 (4) 
4 4 4962.40 20,146 —2.00 4962.45 (3 
5 5 4949.19 206,200 —1.00 4949 30 (2) 
6 6 4935.20 20,257 5 00 4935.01 (1) 
; 4923.80 20,304 2.00 4923.65 (1) 
: 2 4913.40 20,347 —1.00 4913.37 (4) 
9 9 4903 .35 20,388 —3.00 4903.36 (3) 
10 10 4892.82 20,432 2.00 
1 O 4826.12 20,715 0.00 4826.00 
a 4 4818.92 20,746 2.00 4820.00 
3 2 4810.96 20,780 0.00 4811.00 
4 3 4801.93 20,819 —?.00 4802.00 
§ 4 4790 .95 20,867 2.00 4791.00 
6 § 4780.72 20,911 1.00 $781.00 
7 6 4771.08 20 ,954 0.00 4771.00 
8 7 4761.78 20 , 994 0.00 


| 
j 
| 
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To start with, the band at \ 5007.13 was taken as the 0-0 band and the rest 
of the band system was then arranged into the Deslandre’s progressions ac- 
cording to the criterion of Heurlinger and Kratzer for the assignment of 
the vibrational quantum numbers. The vibrational isotopic effect was looked 
for but no evidence of it was obtained. 

The equation in terms of the parameters ”’ and n’’ capable of represent- 
ing the position of the measured heads is given below. 


vy, = 19,967 + (751n’ — 3.06n"2) — (716n" — 5.96n'”). 


CALCULATION OF THE HEAT OF DISSOCIATION 


Having made the assignment of the vibration quantum numbers for the 
system of bands,. the average values of each AG,, i.e., w" for the two progres- 
sions were calculated and plotted as a function of ». The interval between 
successive vibrational levels in the lower electronic state is zero when n’ 
=125, i.e. when 751—6n’=0. The area on the w":n diagram therefore gives 
5.80 volts, which is the heat of dissociation of MgO(gas) into Mg(gas) and 
(gas). 


DISCUSSION 


Mecke,* Mulliken,’ Birge!® and Hund!" have shown that the band spectra 
of diatomic molecules bear a simple systematic relationship with the line 
spectra of atoms having similar outer electronic configuration. In the case of 
these it has been detinitely proved by Dewar and by Brooks as well that the 
presence of oxygen is essential to produce these bands. Their emitter, may 
therefore be legitimately assumed as the oxide of magnesium. The band spec- 
tra of MgO will then resemble the line spectra of argon since they have the 
same outer electronic configuration. The ground state is therefore a singlet 
'S-state in both cases, and in the excited states, one would get singlets and trip- 
lets. Hence the MgO bands would be singlets and triplets in character. 

There, however, remains the other possibility that the emitter of these 
bands may be MgO*. If so, the band spectra would resemble the line spectra 
of ionized argon atom or of the normal chlorine atom. In either case, they 
would be doublet in structure. 

But in the region in which these bands lie, the quartz spectrograph has 
a low dispersion and hence the separation of the bands into doublets or trip- 
lets could not be detected. We, therefore, reserve our opinion about the 
nature of the emitter till the line analysis of each individual band is made. 

Our best thanks are due to Professor Birge for kindly sending us his 
monograph for the rapid calculation of the least squares solution of a poly- 
nomial, which has been of great use in our investigation. 


* Mecke, Phys. Zeits. 25, 597 (1924); Zeits. f. Physik 28, 261 (1924); 31, 709, (1925). 
* Mulliken, Nat. Acad. Proc. 12, 144 (1926); Phys. Rev. 28, 19 and 32 (1928). 

10 Birge, Nat. Acad. Proc. 12, 146 (1926). 

Hund, Zeits. f. Physik 40, 742 (1927); 42, 93 (1927). 
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ABSTRACT 


Apparatus and experimental procedure. The Zeeman effect in the 2=—I1 OH 
bands in the near ultraviolet has been photographed with a 21-foot grating at 7 field 
strengths, varying from 5000 gauss to 34000 gauss. Up to 22000 gauss a discharge in 
water vapor was used as the source. Two types of quartz tubes were employed, one 
viewed laterally, the other end-on and placed between rectangular pole-faces. At high 
fields the Back-box arc, operating in water vapor, was employed. 

Nature of the OH bands. The structure of the bands is brietly reviewed. New 
dataon the satellite lines are presented, from which the p-type doubling in the 2 states 
for which v=0, and 1, is found to be 0.216 (K+3). Wave-number data on the hitherto 
unobserved ?’’P., branch are also given. The agreement between the calculated and 
observed wave numbers, as well as the Zeeman effect, establishes the identity of this 
branch. 

Theoretical calculation of the Zeeman patterns in OH. Hill's theory of the Zee- 
man effect in doublet states is applied to OH. In the “II state the molecule behaves in 
the field as though quite rigid, symmetrical patterns being produced. The exact treat- 
ment of a 2X molecular state, is given here for the first time. This state gives rise to 
large magnetic energy patterns which are shown in diagrams, as are also the resulting 
Zeeman spectrum patterns. The variety of ordering of the magnetic levels in the two 
states involved is the cause of strange patterns, consisting, for all lines except those 
near the origin, of a narrow concentrated part and a wide diffuse part. 

Results and comparison with the theory. The results of observations on the 
Zeeman patterns are given in tables and diagrams and quantitatively compared with 
the theoretical expectations. The lines are treated in three groups, (1) lines near the 
origin, whose fine structure is resolved, (2) lines of intermediate J’’ whose patterns 
were completely observed, (3) lines of larger J’’. The agreement with the theory is 
satisfactory. 


INTRODUCTION 


HE theory of the effect of a magnetic field on molecular spectra of the 

doublet type has been discussed in a recent paper by Hill.'. At the same 
time the observations of Crawford and the writer? on the Zeeman effect in 
the *II—*S MgH band at 5211A were correlated quantitatively with the 
theory with generally satisfactory results. In the present paper the Zeeman 
effect in the *X—*I1 OH bands in the near ultraviolet is similarly treated, 
particular attention being paid to the (0,0) band at 3064A. 

From a spectroscopic point of view the OH molecule differs from the 
MegH in two essential respects. First, the *II state in OH is distinctly more 
rigid, or nearer case (a), as is indicated by the greater doublet separation in 

1 E. L. Hill, Phys. Rev. 34, 1507 (1929). 


9 


2G. M. Almy and F. H. Crawford, Phys. Rev. 34, 1517 (1929). 
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the bands;® second, the *S state in OH is obviously a doublet state (p-type 
doubling) for it gives rise to observable satellite branches accompanying the 
main branches. These satellites permit definite measurements of the magni- 
tude of the doubling? This detinite knowledge of the *X state enables one to 
predict quantitatively how it will be affected by the magnetic field. As a 
result, the appearance of the OH bands in the field can be more definitely 
calculated than the MgH, especially for the higher rotational lines. Hence 
the agreement with the theory is more significant than in the case of MgH. 

The Zeeman effect in OH has been extensively investigated by Fortrat.® 
His report included a qualitative description of the Zeeman patterns as well 
as numerical data on displacements from the no-field positions. He made 
observations at fields of about 5000, 20000, and 40000 gauss on the six 
branches of each of the bands, (0,0) at 3064A and (0,1) at 3122A. He re- 
ported that the effect was the same in perpendicular and parallel polariza- 
tions. His measurements of displacements (obtained by reference to iron 
lines) showed odd fluctuations which he thought greater than the experi- 
mental error. He did not discuss the resolvable fine structure of the patterns 
near the origin, except the doublet from the first line in the P; and Q, 
branches, nor did he give any data on the unresolved parts of the patterns. 
Moreover, he did not publish measurements on the weak ““Rs, branch 
beyond the head of the band, which furnishes the most certain data on widths 
of patterns. It is probable that much of this information was to be found on 
Fortrat’s plates but that in the absence of a theory to guide the work it was 
not recognized as useful. In view of the rather better experimental condi- 
tions at hand, it was thought worth while to repeat the investigation of OH. 
Information was secured on most of the points left in doubt by Fortrat’s 
paper. 

The present paper deals, in the first section, with the experimental 
procedure employed in photographing the Zeeman effect in the OH bands. 
In the second section, in which the nature of the states giving rise to the 
bands is discussed, some new data on the satellite branches and a hitherto 
unobserved non-satellite branch (’? Ps) are given. The third section con- 
tains a discussion of the theoretical behaviour of the two states in the field, 
according to Hill’s results, and the last, a detailed comparison of the ob- 
served and theoretical patterns. 


8 The position which a molecular state occupies in the range from case (a) to case (b) is 
specified by its “coupling constant,” A. For normal case (a) \ is + ©, for inverted case (a), — ©. 
For case (b) \ is 0 or +4. Hence the *II state in OH (A= —6.9) is considerably more removed 
from the nearer case (b) than in MgH (A= +5.7). For the theory of multiplet molecular states, 
see E. L. Hilland J. H. van Vleck, Phys. Rev. 32, 250, (1928). 

* In order to account for the observed doublet widths in MgH at large rotational speeds, 
it is necessary to assume a considerable p-type doubling in the 22 state. No satellites appear, 
however, as might be expected, since their theoretical intensity near case (b) is very low. Hence 
one has no way of determining uniquely the amount of the p-type doubling. It was assumed to 
be zero in the work on the Zeeman effect, which led, of course, to a discrepancy between the 
observed and theoretical patterns, The discrepancy is discussed in Footnote 13 
5 R. Fortrat, Jour. de Physique et le Rad. 5, 20 (1924). 
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APPARATUS AND EXPERIMENTAL PROCEDURE 


The apparatus used in this work, except for the light sources, was that 
employed in previous work in this laboratory on the Zeeman effect in bands.?:* 
Two types of source were used, an uncondensed discharge in water vapor and 
the Back-box arc, operating in water vapor at low pressure. The spectrum 
from the former is freer from impurities but the tubes employed could not be 
used at very high fields. 

Two discharge tubes were used. The first one, made of quartz, had a 
capillary 4 mm in internal diameter and 5 cm in length. It was mounted 
vertically between the flat-tipped conical polepieces of the electromagnet. 
A stream of water vapor from a bulb containing freshly boiled, distilled water 
was pumped continuously through the tube, the flow being controlled, as 
suggested by Jack,’ by means of a 1 mm capillary tube, about 10 cm long, 
in the inlet of the tube. With a }-kw transformer, a discharge could not be 
forced through the tube at fields exceeding about 20000 gauss. It was neces- 
sary to cool the tube with an air blast. The OH spectrum produced was very 
weak. A 20-hour exposure just under 20000 gauss gave a spectrum of ex- 
cellent definition and purity, though of only fair intensity. A similar exposure 
was required to get the no-field comparison spectrum. 

The difficulty of faintness of source was overcome by using a tube which 
could be viewed end-on, between polepieces with rather large rectangular 
faces (313.5 cm). The polepieces, which were made in the laboratory shop, 
were designed in accordance with the theory of polepieces given by Du Bois,° 
in such a way as to give the largest field consistent with the necessary homo- 
geneity. The maximum field attainable with a pole separation of one cm was 








Ocir > 
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Fig. 1. Construction of the end-on quartz discharge tube. The rectangle shows the size and 
relative position of the pole-faces. The capillary between the side tubes was flattened, as shown 
in the section, in order to concentrate the discharge. 


about 24000 gauss. That the field was satisfactorily uniform was shown by 
the sharpness of the Hg atomic line Zeeman patterns, obtained with Hg in 
the discharge tube. The construction of the discharge tube and its position 
in the magnetic field is shown in Fig. 1. The tube was made of quartz. The 
window on the end was fastened with deKhotinsky cement. The whole tube 
was cooled with a blast of cold air, and water was allowed to drop slowly ona 
bit of cotton wrapped around the tube just back of the window. The water 
6 —.C. Kemble, R. S. Mulliken, and F. H. Crawford, Phys. Rev. 30, 448 (1927). 


7D. Jack, Proc. Roy. Soc. A115, 373 (1927). 
8 H. Du Bois, Ann. d. Physik, und Chemie 42, 934 (1913). 
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vapor was supplied as before and a more powerful transformer used. With 
this arrangement the intensity was increased at least ten-fold over that 
previously obtained. 

With the end-on tube, usable photographs were taken at the following 
fields; 4900 gauss, 1 set of plates; 12900 gauss, 2 sets of plates; 18000-22000 
gauss, + sets of plates. Two of the exposures near 20000 gauss were extended 
to 24 hours to bring out the weak ““R., branch lving bevond the head of the 
band at 3064A. At lower fields this branch was obtained satisfactorily in 
much less time (7 hours at 12900 gauss). 

At high field strengths the Back-box with brass electrodes was used. 
Water vapor was pumped through the box, the pressure being less than 1 cm 
Hg. A satisfactory photograph was obtained in about 8 hours, with a field of 
33600 gauss. The *“ Ro; branch was not obtained. 

The most intense spectra were obtained in the second order of the 21-foot 
grating, Where the dispersion is 0.93A per mm. The third order was usable in 
some cases. Photographs were taken of the three bands, 3064A, 2811A, 
3122A. A no-field comparison spectrum of the bands and the iron are spec- 
trum were photographed on each set of plates. Eastman Speedway plates 
were used. The patterns were measured with the aid of a Wolz comparator. 

The field strengths were determined, when a discharge tube was the 
source, from the Zeeman patterns of the Hg atomic lines at 4047A and 
4358A. These were obtained by introducing a drop of mercury into the tube 
and exposing a properly placed plate for a few minutes. When the Back-box 
was used the field was determined from the Zn triplet, 4680A, 4722A, 4811A, 
whose Zeeman patterns were photographed in a few minutes with brass 
electrodes in the box. 


NATURE OF THE OH Banpbs 


The OH bands consist of six strong branches forming three branches of 
doublets, several satellite branches, and two weak branches arising from 
extraordinary transitions in which AK changes by two units instead of one. 
Mulliken® has discussed the structure of the bands and given a diagram 
showing the arrangement of levels in both states as well as the transitions 
which produce the first line in each branch. 

The “II state is inverted, having a coupling constant (A, or Mulliken’s 
AE/B) equal to —6.9. The doublet character of the main branches arises 
from the fact that there are two energy levels associated with each value of 
K in the “II state. These states, whose J values are K +3, correspond to 
the two possible orientations of S and K. The doublet difference decreases 
from about 125 cm™ at the origin to about 30 cm™ at K” =20. Each level 
also shows appreciable A-type doubling which, however, does not enter 
into a consideration of the Zeeman effect.! 

The *2 state shows a pronounced p-type doubling which increases lin- 
early with K. As in the “JI state there are two levels associated with each 
value of K, whose J values are K + 3. The origin of this doubling, considered 


9 R.S. Mulliken, Phys. Rev. 32, 388 (1928). 
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especially by Van Vleck," lies presumably in a combination of (1) a magnetic 
moment due the rotating nuclei themselves, and (2) a rotational distortion 
of the electronic motions, also resulting in a magnetic moment along the 
axis of rotation. Both should produce effects proportional to K+3. This 
doubling gives rise to the satellite branches accompanying the main branches. 
These satellites result from transitions in which AJ is not equal to AK, as is 
true for the main branches. The results of several investigations of these 
satellites have been discussed by Mulliken, who concludes that the width 
of the p-type doublet is 0.22 K, for the lowest vibrational state. 

Since the satellites in the (1,0) band at 2811A have not been reported, 
and because some uncertainty was expressed by Mulliken in his value of 
the p-doubling constant (0.22), it may be worth while to include here mea- 
surements on the satellites, made on the comparison spectra. Table I gives 


TABLE I. Displacements in cm of satellite lines from main branch lines, arranged ac- 
cording to the value of K in the? state. These displacements are the amounts of the p-type doubling 
in this state. The mean displacements are plotted in Fig. 2 from which the best value of the doublet 
constant may be obtained. 


Mean dis- 


K P QO, Q: R, placement 
(0,0) band at 3064A 
1 | +0.28 0.28 
2 +0.50 —0.49 —0.45 48 
3 mo .73 .73 74 
4 99 1.00 98 .99 
5 1.24 1.18 1.21 
6 1.44 1.45 1.42 1.37 1.42 
7 1.58 1.64 1.61 
8 1.88 1.86 1.87 
9 2.14 2.10 2.00 2.08 
10 2.32 2.28 2.30 
11 2.45 2.45 
12 2.82 2.60 a 
14 a. ae 5.22 3.12 
(1,0) band at 2811A 

2 40.43 | +0.39 0.41 
3 .62 | —0.67 .64 
4 94 —0.96 89 Oo] 93 
5 1.45 1.11 1.13 
6 1.40 1.34 1.37 
7 1.60 1.56 1.61 1.59 
8 1.86 | 1.78 1.83 1.82 
9 2.05 | 1.99 2.02 
10 ee 2.2) 


| 


the displacements of the satellites from the main branch lines. The (0,0) 
band at 3064A furnishes the data on the lowest vibrational state (2 ©), 
the (1,0) band at 2811A on the next higher (*? ~"). The average values of 
these displacements are plotted against K in Fig. 2. The data indicate, 
though none too conclusively, that the p-doubling is proportional to K+}, 
rather than K, agreeing with Van Vleck’s prediction. Within experimental 
error the doubling in either vibrational state is equal to 0.216 (K +3). 


10 J. H. Van Vleck, Phys. Rev. 33, 467 (1929). 
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A search was also made for the ?? Pj. branch of the (0,0) band which 
Mulliken predicts should be somewhat stronger than the ®*R.; branch. It 
is situated in the midst of the bands at 3064A and 3122A and observation 
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Fig. 2. Average displacement of satellites in the (1, 0) band (above), and the (0,0) band, 
plotted against AK. The ordinate thus gives the amount of p-type doubling in the 2S state in- 
volved in each band. From the intercept of the solid, averaging line on the vertical axis it ap- 
pears that the displacements are proportional to A+}, rather than A, and that for both states 
it is about 0.216 (K +3). 


is difficult. As can be seen from Mulliken’s energy level diagram the posi- 
tions can be calculated by the relation: 


PPP i(J) = QJ) — Ask s'(J — 1) + 0.216(J — 1) 
where 
AF .'(J — 1) = F.'(J) — Fo'(J — 2) 

and 0.216 is the p-type doubling constant. AF.’ was obtained from Mulli- 
ken’s data on the ““R»; branch and Q2(J) from Fortrat’s table of wave 
numbers. The results of these calculations appear in Table II together with 
the observed wave numbers of what are believed to be the lines of this branch. 
The agreement is good. This assignment is substantiated by the Zeeman 
effect of these lines, which will be discussed later. The observed intensities 
in this branch are about the same as those of the ®#.R., branch and decrease 
rapidly with increasing J. 


THEORETICAL CALCULATION OF THE ZEEMAN PATTERNS IN OH 


The theory of the Zeeman effect in doublet bands has been discussed 
in terms of the quantum mechanics by Hill.'' He has obtained an expression 
in closed form for the magnetic energy of *I], °A,.... molecular states 
ranging from case (a) to case (b). Qualitatively, the predicted behavior in 
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co hl . Ip , . . . . . . 
raB_e Il. Wave numbers of PPP,.(J). When a line coincides with a main branch line 
the latter is put in parantheses. The intensity scale ts arbitrary. 


| 


Calculated Observed Intensity 

J cm" cm”! (Obs.) 

13 32253 .29 (P2(23)) 

23 186.11 (Q,(123) 

3h 113.50 32113 .38 6 

43 036.02 036.10 6 

51 31954 .89 31954.90 

6} 870.04 (P,(113)) 

73 781.51 (Q.(183)) 

8} 690.31 (P.(123)) 

9} 590.00 31595 .85 3 
103 | 498 .97 498.88 2 
113 399 .07 (Q2(233)) 

123 296.96 31296.78 1 
133 192.25 192.26 , 


the field of the *I] state of OH is that of a rigid molecule. Each level (J, K) 
breaks up into 2/+1 magnetic sublevels, symmetrically placed about the 
no-field energy. Their positions are quantitatively given by Hill’s Eq. (12) :"! 


W(A,A,J,M) = BY(J + 3)? — A? + B(A? t+ 3) 
+ 3[(27 + 1321 — By? + AWA + B)(A — 4+ 52)]'2! 1) 


where the two signs are to be associated with the two states for which 
J=K+ 3, B=h/8nr'cl, and B=(Ar,/B) M/J(J+1). 

In the paper referred to, Hill treated the *S state as if it consisted of 
two coincident levels, neglecting the p-type doubling. Such a state should 
become, in the field, a doublet of twice normal separation, arising from the 
energy of the spin in the field. This procedure was justifiable in the case 
of MgH, since its bands have no satellites from which the p-type doubling 
can be estimated.‘ In OH, however, the *= state possesses, as has been 
discussed, a p-type doubling equal to 0.216(K +3). Ata field of 20000 gauss 
(Av,, =0.94 cm~') the p-type doubling is considerably less at the origin than 
Avy,, but it increases linearly with K, becoming considerably greater than 
Av, rather early in the band. Near the origin, therefore, we may expect a 
molecular Paschen-Back effect, with the spin parallel or anti-parallel to the 
field, giving a doublet of twice normal width. But since the interaction 
energy which gives rise to the p-type doubling still remains, each member 
of this twice normal doublet should be “spread out” to approximately the 
p-type doublet width, the pattern consisting of 2/+1 closely spaced levels. 
On the other hand, as K increases, and the p-type doublet width becomes 
much greater than Ar,, S and K tend to preserve their orientation when in 
the field. Each member of the no-field doublet splits into 2/+1 magnetic 
levels. Their separations from the no-field position run from about +r, 


1 The OH molecule is sufficiently rigid that the 6 term in Hill’s complete Eq. (22) is neglig- 
ible. This reduces (22) to (12). In Eq. (12) the terms in the square of the field also turn out 
to be negligible so that the Zeeman energy level pattern for the *II state is sensibly symmetrical 
about the no-field position. In the calculations on MgH Hill's Eq. (22) had to be used. 
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to —Ap 
that of nuclear rotation and tield making little contribution. 


, since the magnetic energy is largely that of spin and field, with 


Precisely this behavior is predicted in the following quantitative treat- 
owe him 
Since the p-type doubling is a 
small effect, compared with other interactions in the molecule, we may treat 


ment of the °S state. This treatment is due to Dr. Hill, and I 


thanks for permission to set it down here. 


the motion in the 2S state as case (b) (i.e., K and S precess regularly about 
J), perturbed by the magnetic field. Assuming that the perturbation energy 
is due to the interaction of S and //, it has the form, 


I; 


JQAv,(S-H). (2) 


The matrix elements of this perturbation function may be written: 


M M 
Hy(K,,M; K,,M) = Av,——— = Av,a, where a = —— 
K+} K+} 
Hy(K,.M; Ke M) = WK 2,M;K,,M) = Av,(1 — a*)!/? 
IT (Ko, M3; Ke, M) = — adv, 


where A, corresponds to J 


(energy expressed in cm”). 


is 


K+}3,K.toJ=K—}. Let W(K,)—W(K,) =” 


The energy determinant is, 





Vy 


- — aly, -— W Av,(1 — a*)!/? | 
) 
| = 0, 

a... . | 

Ap,(1 — a*)!/* ~ + aly, — W | 
where the origin for W is the mid-position of the no-field doublets. The 

solution of this determinant is, 

w= + > Yo + tavyiv, + 4Av,?}! . (3) 
where the upper sign goes with J=K-+3, the lower with J=K—}3. From 


The two extreme levels 
in the K, state need separate treatment, since for them, 1J =K+4, and the 
non-diagonal terms vanish. Since the upper left term in the determinant is 


(3) the magnetic energy levels may be calculated. 


associated with the Ky» state, only the single lower right term remains. 
Hence the energies for these two extreme magnetic levels of the K, state are 
simply, 

Vo 


=— + dy. 
2 


W (4) 


Calculations at 12900, 20000, and 33600 gauss of the magnetic energy 
levels in the two states of OH have been carried through by means of Eqs. (1) 


12 In the 22 


priate change in the sign of vo must be made. The assignment of the two roots of Eq. (3) to the 


states of some molecules W(K;) is less than W(K2), in which case the appro- 


two no-field levels is also changed. 
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and (3). In the *II state the values, \= —6.9, B= 18.47, given by Mulliken, 
were used. In the *d state the p-type doubling (v» in Eq. (3)) was supposed 
to be 0.22 K. As shown above, the subsequent more careful consideration 
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Fig. 3. Magnetic energy levels at 20000 gauss in OH 23 and *II states of low values of A, 
and some of the resulting Zeeman patterns. In each group of energy levels the no-field energies 
are shown at the left, the energies in the field at the right. In the Zeeman patterns the grouping 
in clusters is due to the fact that . may change by 0 or +1. Hence, since the spacing is quite 
close in the *S state, three lines may fall close together. These groups are not resolvable at 
attainable fields, but appear as broadened lines on the plates, their intensities roughly propor- 
tional to the number in the group. Parts of all of these patterns (except P»(1}) and Q2(1}) ) 
are observed as resolved (Table III). In the Q,(2}) pattern, for example, the five low-frequency 
groups are resolved at 33600 gauss, while the high-frequency part appears as a broad faint band, 
consistent with the fairly uniform distribution of components in this figure. All intervals are to 
scale except the 2X—II interval and the “II no-field doublet interval. 


of the satellites indicates that this doubling is, more precisely, 0.216 (K+ 4). 
However, since the change would make differences of much less than 0.1 
cm~! in any of the computed patterns, it was not thought worth while to 
repeat the calculations. 
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The magnetic energy levels in both states for a field of 20000 gauss are 
plotted in Figs. 3 and 4. Fig. 3 shows the fine structure in the two states 
for low values of AK, and, below, the Zeeman patterns of some of the early 
lines, when all permissible transitions (A.J = +1,0) are considered. Fig. 4 
shows the magnetic energy of the extreme levels (.1J= +/) in each state, 
plotted as a function of K. The fictitious level, .1/ =0, serves merely to locate 
the center of the number of levels, but, since J is half integral, does not 
correspond to a real level. In the *Y state the magnetic energy is calculated 
with reference to the center of the no-field doublets. The energy separations 
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Fig. 4. Magnetic energies at 20000 gauss of the 22 and “I states of OH, plotted as a function 
of K. The levels omitted are quite uniformly spaced between the center “levels” (1Z=0) and 
the extreme levels (J= +J/). The broken lines show the no-field 22 levels, the distance between 
them being the amount of the p-type doubling. The Zeeman patterns in Fig. 6 are obtained by 
considering the transitions between the groups of this figure, taking into account the proper 
changes in K and M during the transition. 


of the latter are given by the distance between the broken lines. Due to the 
peculiar behavior near the origin of the level for which 1/= —(K+3) the 
levels J = +(K—35) in the upper group are also shown. 

In a consideration of the Zeeman spectrum patterns resulting from this 
arrangement of energy levels, the order of these levels is very significant. 
Thus, in the group A (Fig. 4) of the *2 state the level, 1J=K+4 is at the 
top whereas in group B the level .1/= —(K—}) is at the top. This is to be 
expected for large values of K since in A the spin is parallel to the nuclear 
rotation (J =K+}), and thus parallel to the field when M=+/J. In B, on 
the other hand, the spin is anti-parallel to K, and parallel to the field when 








ZEEMAN EFFECT IN OH BANDS 1505 


MJ=—J. These states are highest in their respective groups because the 
magnetic energy is mstly due to the interaction of spin and field. The calcu- 
lations show that this ordering of energy levels holds continuously to low 
values of K, where, however, S is to be thought of as quantized independently 
in the field (molecular Paschen-Back effect). 

Similar considerations as to the arrangement of the energy levels apply 
to the "II state. The difference in the two groups, for which J=K +}, is 
shown in Fig. 4, Cand D. In C the spin is anti-parallel to K, and the state 
for which JJ = —(K —}) has the greatest energy. In D, spin and K are parallel 
and the state for which 1J=K-+}4 has the greatest energy. 
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Fig. 5. Zeeman patterns of the R branches in the OH bands at 20000 gauss. The values of 
J’’ are so arranged that the intersection of a horizontal line with the curves gives the outline of a 
pattern of a no-field R doublet. Two things may be particularly noted: (1) the great difference 
in width, except near the origin, of the two parts of the pattern of a lire, due to the arrangement 
of magnetic levels in the two states (cf. Fig. 4 and text), (2) the appearance, at intermediate 
values of J’’, of the “center line” (11/’‘= M’’=0) outside of what would ordinarily be the ex- 
treme components. The circles show the observed positions of the narrow intense parts, the 
two-ended arrows the widths of the observable broad faint parts. 


From the energy level diagram of Fig. 4 the outlines of the Zeeman 
spectrum patterns may be obtained. As an example, the patterns of the R; 
and Rs» branches in a field of 20000 gauss are shown in Fig. 5. Displacement 
from the no-field position is plotted horizontally and J”, vertically. The 
extreme components and the center of the number of components (J/’ 
= \{” =0) of any line are the intersections of the curves shown with a hori- 
zontal line at the corresponding value of J”. The curious effect of one wide 
and one narrow part of each pattern is due to the arrangement of energy 
levels in the two states, just discussed. Thus the transitions B—C and 
A-—D (cf. Fig. 4) result in close clusters of components near the no-field 
position, because the magnetic effect in one state undoes that in the other, 
when one considers the transition. But for the transitions A->C and BD 
the displacements in the two states add, giving the extremely wide, and con- 
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sequently faint, parts of the patterns. In the narrow groups B—C and A—D 
it is also to be noted that, except near the origin, the center line, for which 
MW’ = 11" =0, falls outside the components which would ordinarily be the 
extreme edges of the pattern. In other words, each of these groups folds back 
on itself. The components not shown fall, in all cases, fairly uniformly be- 
tween the center line and the “extreme” components." 

In anticipation of the results to be discussed in the following section, it 
may be said that the circles in Fig. 5 represent the observed positions of the 
intense narrow parts of the patterns and the two-ended arrows the observed 
widths of the more diffuse parts of the patterns. 

The theoretical patterns of the Q and P branches are, except for small 
differences in widths, like those of the R branch. The general appearance 
of the calculated patterns at 12900 and 33600 gauss is the same as that shown 
for 20000 gauss. Widths and displacements are different, of course, and 
roughly proportional to the field. 


RESULTS AND COMPARISON WITH THE THEORY 


A description of the general features of the Zeeman effect in the OH 
bands will be given and, where feasible, a quantitative account and compari- 
son with the theory. The lines may be considered in three groups, (1) the 
lines near the origin for which the fine structure is resolved, (2) a number of 
intermediate lines for which complete patterns are observable, including 
lines in the “* Ro; and ’? Pj. branches, and (3) the lines with larger values of 
J" for which only the intense parts of the patterns are observed. Quantitative 
observations were made extensively only on the (0,0) band at 3064A. Quali- 
tative observations and a few measurements indicated that the (0,1) band 
at 3122A and the (1,0) band at 2811A behave in very much the same man- 
ner. 

Fine structure of the lines near the origin. The calculated patterns of 
several lines near the origin are shown in Fig. 3. It is seen that the fine 
structure patterns increase rapidly in complexity as one proceeds from the 
origin. Only branches subscribed “1” have patterns which one might expect 
to resolve beyond the relatively coarse doubling to be observed in most of 
the patterns. The numerical description of the patterns observed and com- 
parison with the theory is contained in Table III. 

As predicted, Q2(4), Re(4), ?Q(4) become doublets of twice normal separa- 
tion. The doublets of the first two of these lines are unsymmetrical with 


18 A consideration of the p-type doubling would account for the discrepancies appearing in 
the Zeeman patterns of the high rotational doublets of MgH (Ref. 2). The Zeeman pattern of 
such a doublet consisted, at 16000 gauss, of an intense part filling the no-field doublet interval 
and on either side a somewhat fainter, narrow “wing.” The central part corresponds to the 
broad parts of the patterns in OH (Fig. 5), though in MgH they overlapped. The wings corre- 
spond to the narrow parts of the OH patterns. (Their faintness was due to the fact that the 
Paschen-Back effect was setting in.) Thus both the too large width of the central part 
(according to the previous theory) and the too small width of the wings, as well as the too 
large no-field doublet width (Cf. Footnote 4), would be accounted for by a consideration like 
the above for OH of the p-type doubling in the 2Z state. 
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TABLE III. Fine structure of lines near the origin. Values given are displacements in cm from 
the no-field position of the line in question. The question mark indicates that the 
pattern overlaps with another, the identity of the component being uncertain. 








12,900 gauss 20,000 gauss 33,000 gauss 
Line ene — - —_———_—_—__ $$$ 
Obs. Calc. Obs. Calc. Obs. Cale. 
POw(3) —0.70 | -—0.60 | -—0.93 —0.94 ~1.58 
+ .52 + .60 | + .94 +1.58 
P,(13) | —1.45 | —2.28 —3.78 
| —0.75 —0.88 | —1.36 —1.39 —2.31 
— .20 — .28 | -0.51 —0.44 —0.84 -0.74 
+ .34 + .28 | +.36 + .44 
| | + .88 +1.39 
| +1.45 +2.28 
P,(23) —2.80? | -—2.91 
—2.17? | -—2.09 
—1.29 —1.27 
~0.35 —0.42 
+ .40 + .29 
| 
Q2(4) | —0.59 | —0.46 | -0.81 —0.80 —1.45 —1.44 
|} + .75 +1.08 +1.73 
Q,(13) —1.57 |} —1.53 —2.36 —2.41 —4.20 —3.94 
—0.93 —0.96 | —1.46 —1.55 —2.39 2.43 
— .20 | — .22 — .43 — .55 - .57 — .80 
+ .37 | + .25 | + .53 + .40 + .006 
+ .80 | + .81 +2.21 
+1.31 +3.067 
Q1(23) —4.03? —3.91 
—3.09 —3.08 
2.28 -2.24 
1.30 1.38 
0.38 0.47 
+ .28 + .32 
R2(3) | —0.46 —Q.42 —0.78 —0.75 1.28 1.47 
+ .74 + .86 +1.14 +1.17 + 2.00 +1.81 
RR R.,(13) —1.16 —2.12 
—0.57 —1.13 
—0.24 —0.05 +-0 .00 —0.03 
+ .§2 i + .61 + .92 + .87 
+1.17 +1.25 +1.74 +1.65 
+2.03? +1.82 +2.52 +2.51 


respect to the no-field position. Such asymmetry, which appears through- 
out the band, is due to the fact that the Zeeman energy levels in the 22 
states are symmetrical with respect to the mid-points of the p-type doublet 
levels, while a no-field line arises from a level displaced from a mid-point 
by 0.108 (K+3). The agreement between theory and observation for these 
lines is not too good. Measurement is difficult in the Q. and R» doublets 
because of the prominence of the satellite line in the no-field spectrum of 
each. It is nearly as intense as the no-field line and barely resolved from it. 

No more patterns are resolved in the branches with subscript “2”. But 
the more open patterns of the early lines of the branches with subscript “1” 
are resolved, where observable. The agreement with theory is generally good. 
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The intensities fall off rapidly as one proceeds outward from the components 
nearest the no-field line. This corresponds to the decreasing number of mem- 
bers of the close groups in the theoretical pattern. Data on the first line of 
the ““Rs, branch is also given, though the pattern is so faint as to be barely 
observable on the plates. This pattern is noteworthy because of the unusually 
large shift of the whole pattern with respect to symmetry about the no-field 
position. This shift is due to the fact that the p-type doubling in the 72 
state for this line is larger than in other lines with the same final J. 

Patterns of lines of intermediate J”. Several of the lines of intermediate J” 
are so situated that the complete patterns may be observed. The appearance 
of these patterns is just what would be expected from Fig. 5. Thus the 
branches with subscript “2” consist of two separated parts, one (the low- 
frequency) fairly sharp, intense, and less displaced than the other, which is 
wide and faint. On the other hand, the pattern of a line with subscript “1” 
consists of two contiguous parts, the high-frequency part being intense, 
fairly sharply defined, and narrower than the fainter low-frequency part. 
The fainter part of each type of pattern becomes rapidly too weak to ob- 
serve as one proceeds out in the band, though on one plate at 20500 gauss 
the complete patterns of Q.(123) and Q,(123) could be observed. The 
numerical description of these patterns is contained in Table IV. Some are 
reproduced in Fig. 6. 

In this group should be included the observable lines of the ?* R2; branch. 
This branch, being beyond the head of the band, offers excellent opportunity 


TABLE IV. Quantitative description of patterns of lines with intermediate J". Only patierns 
which could be fairly completely observed are included. Measurements are given to the nearest 
0.05 cm. 


a. Lines with subscript “1 


— SS ———— ee 
Intense part 





| 
| 


Ficld | Line Total width Width Position with re- 
= _— spect to no-field 
Obs. Cale. Obs. Calc. Obs. Calc. 
20000 | P,(53) 3.7 4.0 16 14 | 40.45 40.6 
P,(63) 3.2 4.6 Ry :.2 + 3 + .5 

| 
33600 | P\(53) | Indef. 4 2.3 40.9 41.2 
| P,(63) “ 2.0 2.8 2? 633 
20000 O:(43) 4.2 4.0 | 1.5 1.4 +0.0 +0.6 
Q,(53) 4.4 4.1 14 #12 ‘| +.!1 + .5 
0,(03) 4.5 4.1 1.3 1.0 + .3 + .4 
Q,(93) 4.9 4.2 sharp an | + .25 + .2 
Qi(123) 4.6 4.7 | . 4 + .25 + .15 

| | 
33600 0, (43) 6.45 6.70 Ye 2.75 | +1.0 +1.2 
O(S!) | 5.8 6.65 2.35 2.45 | 40.85 41.1 
Q1(63) 6.25 6.065 2.29 2.29 | + .85 +1.0 
| S095) 6.3 6.7 1.9 1.7 | oe + .7 
20000 R43) | 4.5 4.4 | 1.3 1.2 | 40.5 40.5 

| 

330600 R,(43) | 6.1 68 | 2.2 2.4 +o 43 
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TABLE IV (continued) 


b. Lines with subscript “2”. (Positions measured with respect to no-field positions. ) 


High-frequency part of pattern Low-frequency part of pattern 
Field Line Position Width Position Width 

Obs. Cale. Obs. Cale. Obs. Cale. Obs. Calc. 

20000 P.(34) $1.45 41.3 1.7 1.5 0.65 0.6 0.9 0.5 

P.(43) +1.5 +1.5 yy 1.8 55 a 95 $5 

P:(63) +20 +1.7 3.0 78 4 4 7 3 

33000 P.(33) $1.9 42.0 210024 1.1 1.3 1.05 1.1 

P.(45) +2.1 +2.1 2.8 2.05 1.0 ® 1.2 Fe 

P:(03) Indef. +2.3 Indef. 3.3 0.9 —1.0 1.1 1.1 

20000 Q.(33) +1.4  +4+1.45 1.65 1.6 0.35 0.6 1.0 0.4 

Q.(03) +16 41.9 3.0 ae — 3 35 8 3 

Q.(8 5) +2.0 +2.2 2.35 2.9 25 25 3 

(.(103) +#2.3 42.5 2.6 3.2 .25 od 1.0 3 

Ou(114) $2.6 +2.75| 2.9 3.3 2 2 1.1 3 

Q.(123) +2.8 +3.0 3.1 3.4 2 2 1.0 3 

33000 Q.(34) 1.0 1.2 0.9 0.7 

© (03) Too faint 0.8 0.9 -. 0.7 

© (83) 605 75 | 0) 

Q.(103) to measure 6 6 1 6 

Q.(115) 55 55 1.2 6 

Q.(124) 55 5 1.0 6 

20000 R.(23) +1.35 +1.25 re Da 0.05 0.6 sharp 0.1 

R.(3}) $1.35 41. 25 1 1.45 — .55 — 5 sharp 1 

33000 R2(23) +1.8 +2.05 tao 224 [25 1.15 1.0 0.6 

Ro(33) +1.85 +2.20 Z.8 2.45 1.05 1.05 0.8 05 


Notes to Table IV. 1. The data at 20000 gauss are the average of measurements on 4 sets 
of plates between 18200 and 20700 gauss, the measurements being adjusted to 20000 gauss, 
assuming the effects proportional to the field in this range 

2. Since the width of a no-field line, as determined by the blackened portion of the 
plate, is about 0.5 cm~', measured widths of less than 1 cm~'!, say, have little meaning. Ina 
well-exposed part of a pattern, the observed width might easily be 0.5 cm”! greater than the 
actual width, or range of wave number, of the part. The negative parts of the Q» patterns, 
however are detinitely wider than expected from the theory. 

3. In both P.(63) and Q.(63) the observed high-frequency part at 20000 gauss is ab 
normally wide. 


Taste V. Quantitative description of the Zeeman patterns of the ®® Rx branch, and com 
parison with the theory. The values at 20000 gauss are figured to the nearest 0.05 cm Obse? 
vations at 18200 and 20500 were adjusted to 20000 gauss, assuming that the effect was proportional 
to the field, and averaged. 


Position of negative Position of positive 
Field y" Potal width edge with respect to sharp comp. with re 
. no-field line spect to no-tield line 
Obs. Cale. Obs. Cale. Obs Cale 
12900 23 2.80 2.89 1.40 1.31 + 1.35 + 1.40 
33 2.95 2.85 1.38 1.25 1.49 1.48 
43 2.89 2.96 1.18 1.25 1.62 1.63 
53 3.006 3.06 1.22 1.23 1.81 1.79 
20000 23 4.4 4.3 1.9 2.05 1.4 Indef 
33 -. 4.2 2.0 1.95 1.45 1.4 
43 4.35 4.2 1.85 1.95 1.4 1.35 
53 43 4.2 —1 85 -19 1 4 1.23 
6} t.3 4.25 2.0 1.9 1.3 1.28 
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Fig. 6. Reproductions of a part of the 3004A band, at two fields, together with the no-field 
comparison spectra. The patterns at the lower field are labelled with the usual line notation, 
and those at the higher field can be identified by comparison. The effects, such as doubling, 
broadening, and displacement are seen to be roughly proportional to the field. As representative 
patterns, P2(34), Q:(63), Q.(63), Ri(203), Ro(3) might be suggested. Some satellites can be 
seen in the no-field spectrum, e.g. in P.(33), P2(43) P2(63), on the high frequency side of the 
main branch line. There are a great many apparently spurious lines, especially on the high field 
plate. 
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for observation, but is very weak. Only 6 or 7 lines were obtained with suffi- 
cient intensity to measure accurately. The Zeeman pattern of each of these 
consists of a broad sharp-edged pattern which is divided into two parts, a 
broad low-frequency part and a sharper high-frequency part whose sharp- 
ness increases with increasing J”. This is exactly the calculated behavior. 
The two parts have about the same maximum intensity, in contrast to the 


TABLE VI. Zeeman patterns of ?? Py» branch. 

















Total width ~—Position of negative edge 
Field y" (cm™) with respect to no-field position 
‘ | (cm7') 
Obs. Calc. Obs. | Calc. 
12900 | 38 2.15 | 2.4 «{.3 «(3 
4} 2.23 2.7 —1.4 —1.45 
20000 33 3.4 3.73 —1.7 —1.95 
43 3.4 4.1 1.8 —2.15 


patterns of the main branch lines. In the latter the intensity of the concen- 
trated part is much greater than that of the wider part, as one would expect. 
The results of observation and the comparison with theory are contained in 
Table V. 

Of the lines ascribed to the ?? Pi. branch only two have Zeeman patterns 
sufficiently intense and in the clear to permit definite measurements. These 
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Fig. 7. Displacements of the narrow intense parts of the patterns of Q and R branches 
The solid curves give the calculated displacements as estimated from plots like Fig. 5. The 
crosses and circles are the observed displacements. 


two, J”=33 and J” =43, have been observed at 12900 and 20500 gauss. 
The total width and position with respect to no-field of these patterns is in 
fair agreement with the theory (Table VI). The intensity distribution, 
however, is surprising. For the calculations indicate a fairly uniform dis- 
tribution of components from edge to edge of the pattern, while the observed 
pattern consists of two parts, a low-frequency narrow part and a high-fre- 
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quency wider part, with possibly a faint band between. Other lines assigned 
to this branch apparently have the characteristic wide patterns, but they 
are partly obscured by other lines. Since there are no other lines in this 
spectral region which show such width of pattern, the Zeeman effect sub- 
stantiates the assignment of these lines to the ’’ Pj. branch. 

Lines with large values of J”. The Zeeman patterns of lines with large 
values of J” theoretically consist of the concentrated slightly displaced part 
and the wide diffuse part (Fig. 5). The latter is too weak to photograph. 
The intense sharp part, however, may be followed apparently as far as the 
band itself. Hence the Zeeman spectrum looks almost like the no-field spec- 
trum, except for a slight broadening and a small displacement of each line, 
positive for those branches subscribed “1”, negative for those subscribed “2”. 
The displacements of these intense parts in the Q and R branches is plotted 
in Fig. 7. The P branches behave similarly. The solid curves show the cal- 
culated displacements. The behavior of the R branches at 20000 gauss is 
also shown in Fig. 5. Several patterns of large J” are reproduced in Fig. 6. 

I am glad to express my gratitude to Professor E. C. Kemble for suggest- 
ing this problem, to Dr. F. H. Crawford for advice and criticism throughout 
the work, and to Dr. E. L. Hill for many discussions of the application of 
the theory of the Zeeman effect. I am also very grateful to the laboratory 
technicians, particularly Mr. H. W. Leighton, for assistance in the manu- 
facture of apparatus. It should also be mentioned that a large part of the 
apparatus used in this work was acquired through the generosity of the 
Milton Fund of Harvard University. 








JUNE 15, 1930 PHYSICAL REVIEW VOLUME 35 


THE ZEEMAN EFFECT IN THE RED CaH BANDS 


By Wittiam W. Watson aAnp WILLIAM BENDER 
SLOANE Puysics LABORATORY, YALE UNIVERSITY 


(Received May 1, 1930) 


ABSTRACT 

The Zeeman effect in the red *11—?E and *=—*Y CaH bands, together with new 
satellite branches in the *I1Il—*2 system, are reported. Field strengths up to 30,000 

gauss were employed, the dispersion of the large concave grating in a parallel light 
mounting being about 2.1A per mm. 

Satellite series in the *II—*S bands.—The °P, satellite branches are measured 
for both the A and A’ bands. These frequencies together with certain combination 
relations fix the hitherto uncertain J numbering in the Q branches, and hence the size 
of the A-type doubling. This doubling is very large (70 cm~! at K= 34 4) and of oppo- 
site sign to that usually found in other bands. 

Zeeman effect in the *II—*> bands.—General agreement with the pattern blocks 
predicted by Hill’s theoretical formulas for the lower K’ states is found. I ntensity 
variations with increasing field strength are described. For K’>19, where the no- 
field spin doublet components come together and cross over, uncoupling effects occur. 
Only the transitions from anti-parallel S and K in the “II state to parallel S and H in 
the 2 state, and from parallel S and K to antiparallel S and // persist. The displace- 
ments of these components are proportional to 772. At 30,000 gauss the high K com- 
ponents in the P; branch broaden out and go rapidly to zero intensity, but the P, 
field components remain narrow and strong. With complete uncoupling by this 
“strong field,” these components are probably the transitions from parallel S and H 
in the “II state to parallel S and H in the *S state. For the highest A levels, these 
high-field P; components are displaced farther from the no-field position and become 
more diffuse, suggestive of an approach to Hund’s case d. 

j Zeeman effect in the 2S—*= bands.—Contrary tothe usual findings for bands of 
this type, broad and prominent Zeeman patterns here occur for K’>8 which are 
quite similar to those found in a II state. The explanation is probably that an ap- 

preciable magnetic moment is created in the upper 4se°3de 2Z state by the increasing 
component of L along the rotational axis. 


INTRODUCTION 


THEORETICAL treatment of the Zeeman effect in doublet band 
spectra has recently been published by E. L. Hill,’ and the formula 

for the magnetic field patterns have been nicely verified by Almy and 
Crawford? for the case of the MgH “II—* band system. This theory considers 
molecules which can be classed under Hund’s cases (a) and ()) or for cases 
intermediate between (a) and (0), neglects “rho-tvpe” doubling, and con- 
siders the only uncoupling effect to be that on the electron spin. There are 
examples of diatomic molecules, however, where the rho-type doubling be- 
comes very large, and where the coupling of the electronic orbital angular 
momentum to the rotational axis would be accompanied by a magnetic 


1 E. L. Hill, Phys. Rev. 34, 1507 (1929). : 
2G. M. Almy and F. H. Crawford, Phys. Rev. 34, 1517_(1929). 
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moment in that direction. In the \6389°S—*S and A7000°7M—?S CaH bands, 
for which these effects become very large, the Zeeman effect predicted by 
Hill's theory is to be expected, then, for the lower rotational states, but for 
the highest rotational states new magnetic field patterns should be found. 
Measurements of this perturbing effect of an external field should increase 
our knowledge of the dynamics of molecules exhibiting such a very large 
p-type and A-type doubling. 

The analysis of Hulthén,’ together with Mulliken’s* discussion of these 
data, demonstrate the marked distortion increasing with the rotation in 
these CaH bands. In the upper electronic state of the *X—*2 band the 
orientation energy of the spin S with respect to the nuclear rotation axis, as 
measured by the separation of the F; and F, terms, is exceptionally large, 
the rotational doublets being separated even at the origin of the band by 
1.3 cm. Also the usual relation for 7X states, F\ > F2, is reversed in this 
case. In the “II state of the 47000 band the A-type doubling is very large 
(see below), thereby indicating a large Ly» (component of orbital angular 
momentum LZ perpendicular to the electric axis of the molecule), and the 
usual “II state relation, F.(/) > Fi(J+1), which does hold for low J values is 
2N 


reversed for J/>193. The p-type doubling in the common lower state is 


small, as in most 2 states. 


EXPERIMENTAL PROCEDURE 


Our source was an intermittent d.c. are in a modified Back chamber 
mounted on the pole faces of a large water-cooled Weiss electromagnet. 
The moving electrode was a small block of metallic calcium mounted on a 
tungsten wire, while the fixed electrode was a thin copper strip insulated 
from the pole face by a piece of mica. The arc was struck in a hydrogen at- 
mosphere at from 5 to 10 cm pressure, and since the arc chamber was not 
absolutely vacuum tight, a stream of hydrogen gas from a tank was pumped 
slowly through the apparatus during the exposures. It was necessary to re- 
new the calcium electrode at frequent intervals during each run. The bands 
were photographed in the second order of a large concave grating mounted 
in parallel light, the dispersion being approximately 2.1A per mm. 

The 46389 band was photographed with Eastman panchromatic plates 
hypersensitized by an ammonia bath. Plates were taken with field strengths 
of 14,000, 24,600 and 29,950 gauss with no polarizing prism in the path, and 
at 29,950 gauss in the perpendicular and parallel polarizations separately, 
with the exposure times up to 12 hours when the Nicol prism was used. 
The 47000 band was recorded on Eastman 40 and panchromatic plates dyed 
with dicyanin. Field strengths of 10,500 and 30,000 gauss were used, the 
times of actual exposure on the slit running to 18 hours. On every plate in 
addition to the field exposure a no-field comparison and an iron arc spectrum 
were photographed. The strength of the magnetic field was determined by 
measurements of the patterns of the Zn triplet AA4680, 4722, and 4811. 

3 E. Hulthén, Phys. Rev. 29, 97 (1927). 

4 R.S. Mulliken, Phys. Rev. 30, 138 (1927), and 32, 388 (1928). 
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NEW SERIES AND MAGNITUDE OF A-TYPE DOUBLING IN 2J]—? BAND 


The J values assigned by Hulthén® to the lines in the P and R branches 
of the 47000 band are correct when reduced by 3 unit in order to agree with 
the quantum mechanics numbering. But since it is apparent from Hulthén’s 
data that the ordinary PQR combination relation does not even hold ap- 
proximately, and since no (1, 0) or (0, 1) band seems to be available for 
combination checking purposes, the J numbering in the Q branches has 
been heretofore undetermined. Now our spectrograms indicate that all the 
satellite series to be expected in a *II., state’ are present and with fair in- 
tensity in this band. In particular the °Py satellite branch® proceeds to the 
red from the P branch head in a region clear of other lines. The frequencies 
of the lines in this branch can be calculated from the relation’ 


°PixJ) = QJ — 1) + [Fi — 1) — F2"(J — 2)) — [F2") -— Fe" (J — 2)4 
= Q,(J — 1) + 0.045(J — 143) — AFs"(J — 1). 


The second term on the right side of this equation involves the empirical 
rule for the separation of the spin components in the lower state of these 
bands,> while the A.F,’’ values can be taken directly from Hulthén’s tables. 
The proper Q; frequencies to so combine with these F’’ differences as to 
give the observed satellite branch lines can be thus uniquely determined, 
and the important point is that this fixes the J numbering of the Q; branch 
and hence the exact course of the A-type doubling in the F,’ levels. Table I 


TABLE I . °Pi2 Series in (0,0) and (1,1) CaH *I1-*E bands. 








(0,0) or A band (1,1) or A’ band 
J v cale. v obs. v cale. vy obs. 

113 14231.68 14231.58 

123 18.66 18.62 

13} 06.17 05.88 

143 193.77 193.48 

153 81.55 81.36 

163 69 .69 69.61 14209 .91 14209.78 
173 58.23 58.08 198 .66 198.55 
18} 47.12 46.94 87.81 87.54 
193 36.21 36.07 77.28 76.92 
203 25.86 25.61 66.92 66.75 
213 15.78 15.49 56.97 50.60 
223 06.02 05.72 47.36 

233 096.53 96.36 38.17 37.84 
243 87.64 087.35 

253 78.97 78.68 

26} 70.73 70.51 

273 62.56 62.70 


§ Cf. R.S. Mulliken, Phys. Rev. 32, 388 (1928) for a detailed account of the various possible 
branches in *II—S transitions. 

® We are using, throughout, the notation recommended by R. S. Mulliken in his forth- 
coming article in this journal on standardized notation for description of molecular spectra. 
This branch would be designated f erly as?PP 

1is branch would be designated formerly as 12. 

7 Compare level diagram in ref. 5. Note particularly that the °P\, and Q, transitions are 

from the same A sublevels in the upper state. 
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gives the wave-numbers of the observed °P». lines for both the (0, 0) and (1, 1) 
bands together with their calculated values from Eq. (1). The agreement of 
the observed and calculated frequencies can only be produced by increasing 
Hulthén’s J numbering in the Q; branch of the (0, 0) band (his A band) by 
13 units, and in the Q; branch of the (1, 1) band (his A’ band) by 3 unit. 
Two new Q; lines should be added to Hulthén’s tabulation for the A band; 
QO.(3) 14393.31 and Q:(13) 14396.71. These are clearly present and of good 
intensity on our plates. Because of the confusion of stronger lines in the 
short wave-length side of these bands, the accurate measurement of the 
corresponding “Ris rendered difficult. Fragments of this branch have been 
located, however, and seem to indicate similarly that Hulthén’s J numbering 
in the Q2 branch should also be raised 13 units. In computing the magnitude 
of the A-type doubling in the F;’ terms we use the relation 
[RiJ) — QJ] — [(Q47 + 1) — Pi + 1] 
= Fix (J +1) — Five (J) — Pia J + 1) + Fis) ( 
bhatt + Fi +. 


Nm 
— 


Table II gives in condensed form the course of this doubling, showing that 
for the lowest J levels the doubling increases in the usual fashion; but 
that at J=6}3 the separation of these sublevels begins to decrease, becomes 


TABLE IT. A-type doubling in Fy’ levels of (0,0) 711? band calculated from Eq. (2). 


J Fip’(J+3)—Fia'(J+3) J Fip'(J+3)—Fia’(J+3) 


1} +2.04 113 — 0.54 
23 2.66 123 — 1.76 
3} 3.06 143 — 4.61 
43 3.26 193 — 14.00 
5} 3.27 243 —25.89 
6} 3.06 293 —53.38 
gi 1.45 343 —69.71 
103 +0 .53 


zero at J=114, and increases to very large negative values for the highest 
rotational levels. The F,’ levels proceed apparently in much the same way, 
although usually’ F, levels show an almost negligible A-type doubling. 

This large rotational doubling in the II state is evidence for a very con- 
siderable growth in L,,,». There is reason therefore for supposing that the 
effect of an external magnetic field on these high rotational levels would be 
a variation of that for cases a to b. 

THE ZEEMAN EFFECT IN THE *JI—*2 BAND 

We will consider the effect of the magnetic field first for the lines of low 
and intermediate AK values, and then for the high rotation lines. For the 
lines in the first group the CaH molecule is intermediate between case a and 
case 6, and Hill’s theory should give a good description of the observed pat- 
terns. Since the p-type doubling is small in the lower ?= state, the only effect 
of the field in this state should be to uncouple the spin S from its weak coup- 
ling with AK, so that these levels all become sharp doublets of separation 


8 J. H. Van Vleck, Phys. Rev. 33, 467 (1929). R.S. Mulliken, Phys. Rev. 33, 507 (1929). 
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2AvVrorm. In general one must make a detailed computation with Hill's 
equation (22), the constants for our *II state being B=4.3 cm, A= +19 cm~, 
A =1. Since for no line have we observed the resolved magnetic fine structure 
due to all the possible values of M, the magnetic quantum number, it is 
only necessary to calculate the position and overall widths of the blocks of 
unresolved components in the patterns by using 14=+J,0, and —J. These 
patterns we have calculated for K’=3, 10, and 18. For K’=18, and even for 
K’=10, Hill’s energy equation considerably overestimates the width of the 
spin doublet interval, since it does not consider p-type doubling, and there- 
fore complete quantitative agreement with the observations is not to be 
expected. The details of the comparison, together with some observations 
on lines with approximately these K’ values are presented in Table III. 
Figs. 1 and 2 show graphically this comparison for K’=3 and 10. 

TABLE III. Comparison of observed and calculated patterns for low and intermediate values of 

K in *I1—*> band. 

(In this and the other tables + indicates field radiation to the higher frequency side, — to 
the lower frequency side, of the no-field position.) 


| 


1 


Lines Patterns 
P,(24), (43) K’'=1to5 
(53), (64) H= 10,500 gauss, Av,=0.49 cm~'. Theory predicts at K'=3 a sym- 


metrical doublet, with 0.98 cm~ between centers of the two com- 
ponent blocks, separation between “inside” edges 0.61, width of 


Q:(23), (44), (54) each component 0.38; 

R,(23), (34) Obs. doublet width 
iy P Q R Measurements from center to cen- 
1 0.78 ter showing that since obs. width 
2 0.84 <theoretical, inside edges are 
3 0.71 stronger. Components same in- 
4 0.83 0.70 0.74 tensity for A’l and 2, but red 
5 0.80 component then becomes stronger, 


and at K’=5 is much stronger 
than violet component. 

H= 30,000 gauss, Av,= 1.41. Calculated pattern wide diffuse doublet, 
approx. symmetrical about no-field position; roughly in agree- 
ment with obs. Pi(4}) pattern. — components inside edge at 
—0.89; obs. —0.94. Violet block’s outermost edge at +1.93; 
obs. +2.06. Other two edges obscured. Q, lines also become diffuse 
doublets but the intensity distribution is very different: the two 
blocks are of equal intensity, whereas at the lower field strength 
the “wings” are more intense; maximum intensity in each block 
is near the inner edge, nearest the no-field position. Red compon- 
ent’s maximum at —0.72, violet’s at +0.79, whereas predicted 
inside edges are —0.89 and +0.85 cm™. 


K’=9 to 14 
P,(114), (123) H= 10,500. Calculated patterns are doublets. F; states: calculated 
(133) inside edge of red component at —0.08 for K’=10; obs. —0.09 
Q,(103), (133) —0.08, —0.14 for P,(11}), P:(12}), and Q,(10}) respectively. 
P2(93), (104), (113) Width of red components: calc., 0.78; obs., 0.39, 0.35, and 0.30 
Q2(134) respectively—i.e.,obs. blocks much narrower than calculated width. 


P, and R, violet components of negligible intensity, but inQ,(10}) 
the violet component is weaker than the red component but is 
present starting at the red component and extending to +0.51, 
against the theoretical max. displacement +0.90. F, states: 
Predicted doublets are approximately symmetrical with respect 
to no-field line, have components narrower, 0.48 cm™', and sepa- 
rated by 0.98 cm™ bet ween centers for K'= 10. Observed patterns 
in good agreement with theory. Violet or “wing” components much 
stronger than red components and narrower than predicted. 
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TABLE III (continued). 


Observed F, Patterns 


Kk’ Doub. width Component widths 
P. 9 0.85 -0.37 +0.28 
Q: 14 0.79 0.46 +0.31 


H= 30,000. F, states: Lines should become broad symmetrical doublets 

in field according to theory. P; and R; patterns not present; 
probably too weak and diffuse. Q, lines become strong broad 
doublets, narrowing with increasing A, and whose inside edges 
nearest the no-field line are much the stronger parts of the pat- 
terns. For A’=10 these maxima are at —0.50 and +0.55 as 
against computed inside edges for the blocks at —0.28 and +0.30 
The red “wing” components are just as intense as the violet 
components. 
F, states: Calculated field doublets are symmetrical, have inside 
edges farther from no-field position, and have narrower component 
blocks. All in agreement with observations, but obs. components 
much narrower than predicted, hence quite intense; also two com- 
ponents are equally strong. 


P, component separations from no-field line. 


K’ Cale. Obs. — Obs. + 
9 1.14to 1.62 1.08 to 1.37 
10 0.74 to 2.08 1.15to 1.45 1.05 to 1.34 
11 1.17 to 1.57 0.98 to 1.31 
K’=18 
P,(19}) H= 10,500. According to theory all lines become doublets in the field; 
(183) the F, patterns with very narrow components separated by 0.96. 
P2(183) Actually only the red “wing” components can be seen; in P;(19}3) 
R2(163) from —0.08 to —0.43; in Q:(183) from +0.01 to —0.29, although 


theory has this component at —0.48. 

F, patterns are calculated to be more diffuse doublets with but 
0.21 cm! between inside edges and center of components at 
—0.48 and +0.50. For P.(183) only violet component observed 
from +0.07 to +0.38. R.(16}) becomes a doublet with strong 
violet component from +0.16 to +0.46 and very weak red com- 
ponent at —0.27. Theory predicts no-field spin doublet separa- 
tion 15.8 cm™, whereas experimentally it is but 2.5 cm™. 

H= 30,000. Theory predicts widely separated doublets (2.82 cm™) 
with components narrow for F; patterns. These are not observed. 
No PR, field radiation is apparent and the Q; pattern is broad 
and diffused into adjacent patterns. fF, patterns predicted to be 
broad diffuse doublets with inside edges at —0.32 and +0.35 and 
centers at —1.30 and +1.52 for the red and violet components 
respectively. 

Observed F2 patterns for K’=18 


P.(183) —0.86to —1.30 +0.94 to+1.67 
R2(163) —0.86to —1.30 +1.22to +1.61 


Both components intense and considerably narrower than the 
computed widths. 


Some of the more striking features of the observed patterns should be 
emphasized. In agreement with the theory, all of these lines apparently 
become doublets in the field, each component of the doublet of course being 
in reality a block of 27+1 unresolved lines, but the observed doublet width 
is always less than that predicted. This smaller width may be caused by the 
relative faintness of the outer portions of the patterns. At 10,500 gauss, for 
all except the very lowest K’ values, the intensity is almost entirely in the 
red components for the P;, Q;, Ri patterns and in the violet components for 
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the Ps, Qe, Ry. patterns. These are the transitions from parallel S and K in 
the “IT state to the /7,= +4 level in the *~ state and anti-parallel S and K to 


MJ, = —} respectively, and correspond to the “wings” of Almy and Crawford's 
k’=3 
H=0 /9500 30000 ™ 


2 4—__— FZ 43%, 
[— —= ===n/}——_ ess 


_-——+ e z+ 


o— {# 
PF iti "41 = 





Ps a] ——«, 
} lee 











29 it Re) 8 ft 
37 | [asae4) 2'06 "4 
46 ale | 37 POS) 


My 4%, 


Fig. 1. Calculated splitting of the energy levels and the resulting Zeeman patterns for lines 
with A’=3 from Hill's theoretical equation (ref. 1). Of the observed lines, P)(4}) and R,(2}) 
have A’= 3, while for Q,(23), A’=2 and P,(5}) has K’=4. The corresponding P., Qs, R: line s 
are too weak to observe. Since at 10,500 gauss the field components are narrow, only a measure- 
ment of the center of the component in each case was made. At 30,000 gauss due to overlapping 
patterns only the measurements given on the P;(4}) line pattern could be made, but the ob 
servations indicate widths for the blocks approximately in agreement with the predictions. 


MegH patterns.” The components arising from the other two possible transi- 
tions’ we shall refer to as the “inside” components. At 30,000 gauss, however, 
both components are equally strong for all the patterns measured (P2, Ro, 


i kK*=10 FE 


. P71 48 4% £850 
1s H=1/0,500 > 86 
‘fo CRTC “i 
FR) obs PU Ls 
1 nn) ae" 


1¥ Ke 74 ty 


3 
G28 = 30,000 














208 ' 
athe y—— 
tii ts calc 
and ee Obs 
“ids Av» 


Fig. 2. Comparison of calculated and observed patterns for lines with A’= 10. The P,(113) 
Q,(103) and P.(103) lines all have K’= 10. For P.(9}), K'=9, while for Q.(133) K’=14. At 
10,500 gauss the “outside” components are much stronger (indicated by solid black) than the 
inside (shaded) components. At 30,000 gauss the P, components are narrower than predicted, 
the Q; components are strongest at their edges nearest the no-field line position, and both com- 


ponents are in all cases of equal intensity , 


Q,), thus indicating that, because the no-field spin doublet separation is still 
considerably greater than Ap,, the coupling of Sin the *I[ state has not been 


* Cf. the excellent diagrams illustrating the relation between the possible transitions and 


the components in ref, 2. 
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broken down by the field. The intense concentration of the patterns of the 
Q, lines as contrasted with the apparent absence of field radiation for the 
P, and R, lines, however, is difficult to explain. The enlargement of a portion 
of this band in Fig. 3 illustrates some of these pattern changes. 


K’'=19 20 2 


H=0 
Hi = 30,000 


Hi= 10,500 


H=0 
Ht = 10.500 


H = 30,000 





B 


H=0 
H = 14.000 


H = 24,600 





Fig. 3. Enlargements 9 times. A shows the “cross-over” region in the P branches of the 
*1I—"S band. It is evident that for A’ >24 both the P; and P» lines for 77= 10,500 gauss have 
“inside” component blocks equally strong, but that for /7= 30,000 gauss the P; field radiation 
has broadened out and become of negligible intensity, although the Py components are strong. 
In the reproduction P; and P» denote the heads of the two branches in the no-field strip. In B 
note the greater intensity of the field components on the long wave length side for /7= 10,500 
gauss as compared to the equal intensity of the two field components for /7= 30,000 gauss. In 
the latter case the greater intensity of the field blocks at their inside edges is evident. C gives 
some of the patterns for high A values in the *X—*S band. The &, line patterns and the weak 
components of the RX, lines on the high frequency side are of insufficient intensity to be brought 
out well in the reproduction. The breadth of the no-field lines in C is due to over exposure. 


For K’219 where the no-field spin doublet components come close to- 
gether and then cross over, making F,'(J+1)>F2:’(/), prominent and 
interesting “second-order” or Paschen-Back effects appear. These effects 
are summarized in Table IV and are illustrated in Fig. 34 for the P;, P» 
lines only. That a “strong field” uncoupling of S is here taking place is evi- 
denced by first, the fact that the wing components decrease to zero intensity 


ee ee 
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TABLE IV. Magnetic field patterns at and beyond the cross-over in the P branch spin doublets 
in the 211—*> band. 





K' 10,500 





gauss. Av,=0.49 cm™ 
19 Practically all the intensity in the “wings”. P,(20}) wing at —0.28, P.(19}) wing 
at +0.33. Very little shading between the lines. 
20 Now wings are weaker and the other two “inside” components have appeared. 


Reckoning from the P: line: P; wing at —2.07, P; no-field, — 1.64; inside compon- 
ents fused from —1.36 to —0.44, P, wing +0.51. 

21 Wings have disappeared. P, no-field at —0.57, strong field component —0.52 

to —0.29, weaker fused field radiation from strong component to +0.13. 

No-field lines have now crossed over. Field pattern one strong broad block ap- 

proximately width of original spin doublet separation, 0.51. No wings. 

23 Fused inside components now separated because spin doublet separation is 
greater. P»: no-field at 0.0, P: component at +0.07, P; component +1.45, P, 
no-field +1.54. These P; and P»2 field components are equally strong. No wings. 
Succeeding P; and Pz: lines to the ends of the branches similarly affected. 


30,000 gauss. Av,= 1.41 cm™ 
Reckoning all separations from the P2 no-field line position in each pattern: 


19 Weak shading in field starts at P; no-field, —2.83, and goes to strong band com- 
ponent starting at —0.91 and ending —0.41, P2 wing from +1.74 to +2.20. 

20 Weak shading from —1.82 to strong component starting at —1.00 and ending 
—0.05. P; no-field position is —1.64. No evidence now of P», wing. 

21 Rather strong shading begins sharply at —1.08 and extends to the strong, nar- 


rower field component at —0.24. P; no-field position is —0.57. No wings. 

Lines have crossed. Strongest field line and P2(22}) position at 0.00, with field 

radiation extending rather intense to a strong edge at +0.85. PP; position is 

+0.51. No wings. 

23 Weaker fused field radiation starts at —0.35 and extends to +1.94. Edges of 
this block are well defined. Strong field component at +0.45 superposed. P, 
position is +1.54. 

24 Strong field component at +0.54 with weaker field radiation solid from here to 

+2.88. P; position is + 2.50. 

Strong field component at +0.74. Broad weak field radiation for the P; from +1.75 

to +4.47. P, position is +3.53. 

From here on to the P; head, the P; field radiation is very diffuse and weak caus- 

ing the whole background to be slightly blackened. The strong P» field component 

blocks continue out to the P2 head, the displacements from the no-field positions 
for the next four lines being +0.65, +0.69, +0.75 and +0.73, or about }Ap,. 

For the last lines near the head, the displacements are a little greater, averaging 

+0.80 cm for K’=36, 37, 38, and the components are becoming definitely 

broader and more diffuse. 


Nm 
nm 


and the inside components come in strong as the spin doublet separation goes 
to zero. This is to be interpreted as due to the uncoupling of S from its inter- 
action with the internal field directed along the rotational axis in the mole- 
cule, the F. state in which S and K are anti-parallel being replaced by the 
parallel orientation of S and the field 77, while the F; state or parallel S 
and K is replaced by the state in which S lies anti-parallel to //.'.° Sand K 
are then separately quantized with respect to the field, giving the quantum 
numbers V/s and ./x. Since only the inside components representing transi- 
tions for which 1/5 =0 occur for all levels of higher A, we infer that this un- 
coupling is complete. Second, the displacement of the strong P» field 
components seems to be almost exactly proportional to //* rather than to // 
as in the usual first-order Zeeman effects. 

The difference between the patterns of the P; and P»2 lines at 30,000 
gauss in this uncoupling process is striking. The one inside field component 


10 Reference 1, p. 1513. 
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of the P2 lines is rather narrow and intense, whereas the field radiation associ- 
ated with the P, lines in the interval from K’=20 to 25 becomes increasingly 
broader and weaker, and for K’>25 is too weak to detect. Apparently the 
transition from parallel S and // in the *II state is very much more probable 
when the field is “strong” than that from the anti-parallel S and H, indicating 
an instability of this anti-parallel orientation. 

Also to be especially noticed are the increasing separation and increasing 
diffuseness of these high field P: components for the highest K levels. This 
would seem to be related to the exceptionally large A-type doubling and con- 
sequent relatively large L,.-p. The electric axis of the molecule at these 
highest rotational levels is probably becoming less effective in orienting the 
L, with the result that A is no longer a good quantum number. There is a 
close approach to the case d type of coupling, and the resulting changes in 
the magnetic moment are reflected in the broadening of these last field 
patterns. 

THE ZEEMAN EFFECT IN THE *2—?L BAND 


Neglecting p-type doubling, °2—*2 bands should exhibit no first order 
Zeeman effect, for the field merely completely uncouples the spin S in both 
states, and with A.1/s;=0 accurately holding, no displacement of the spec- 
trum lines is to be expected. The very pronounced p-type doubling in the 
46389 CaH band, however, indicates a considerable energy of orientation of 
S with respect to an internal field directed along the rotational axis in the 


TABLE V. Summary of magnetic field measurements in the \6389 ° —" CaHl band 
17, =14,090 giuss, Av, =0.66. I, =24,699 giuss, Avy, 1.16. H;=29,950 gauss, Av, =1.41 


K Measurements and Remarks 
1to7 P; and R; lines (parallel S) unaffected by field 
R2(1}) becomes a doublet in field, components at —0.35 and +0.55 for H: 
and —0.36 and +0.88 for H; 


Other R; lines are affected by field but patterns are confused with other radiation 
P; lines are doubled in field: 


K’ Hy IT; Hy; 

1 —0.42, —0.29, +0.62 —0.67 to —0.27, no + comp. —0.67 to —0.21, no + comp 
2 —0.87 to —0.26, +0.29 to +0.54 —0.28, no + comp. — 

3 —1.02 to —0.18, +0.22 to? diffuse + comp. — 

4 —0.74 to —0.12, +0.35 to +0.87 diffuse + comp. ? from —0.24 shaded to red, 


strong and 
from +0.53 shaded to violet, 
weak 
For K’’>8 all of the Ri and ay lines have the patterns as given below for a few samples: 
gi R: 


A, H: 


: H; H HH; H; 
12 —0.60 to —0.25 —1.34to —0.20 —1.74to —0.25 
and shades to and and 0.00 to +0.76 
+-0.93 +0.28 to +0.91 +0.42 to ? 


These single blocks shading to the violet from the no-field 
+ and — components same strength position constitute the full RX: pattern 


15 —comp. at —0.44 —1.15 to —0.19 
no + comp strong, and 
+0.37 to ? 
weak 
(K’ =23:) 
21 —comp. at —0.35 —1.05to —0.25 —1.29to —0.29 0.00 to +1.49 0.00 to +0.64 
no + comp. strong, and strong, and 0.00 to +0.41 
+0.49 to ? +0.34 to ? weak 
very weak 
(K+ =24:) 
25 —comp. at —0.34 —0.91to —0.47 -—1.24to —0.37 0.00to +0.36 0.00 to +1.50 0.00 to +0.58 
no + comp. strong, with strong, with 
+0.36 to ? + comp. very 
very broad and weak 


weak 
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upper electronic state. One might anticipate a rather large and unique 
Zeeman effect in this band, then, and so there is. In Table V we list briefly 
some of our measurements, and in Fig. 3C an enlargement of a portion of 
one of the spectrograms illustrates the principal pattern types obtained. The 
measurements are confined mostly to the R branch lines, since the overlap- 
ping of the patterns from the rather closely packed lines in the P branches 
makes their analysis hopeless at this dispersion. 

It will be noticed that the P; and R; lines of low K values are unaffected 
by the field, but that the Ps and R. lines become rather broad doublets. 
At about the level K’ =8 the field patterns change, and take on a form which 
they retain out to the highest K level observed. The R; lines (parallel S and 
K) become rather diffuse doublets, the red and violet components being at 
first of about the same intensity, and with the outer edge of each component 
at about Av, displacement from the no-field position. As K increases, 
however, the violet component becomes much weaker and the red component 
becomes narrower and somewhat stronger. The characteristic pattern for 
all the corresponding R,z lines (anti-parallel S and K), on the other hand, is 
just one block of unresolved lines, shading from the no-field position toward 
higher frequency for an interval of about Av,. All patterns appear in both 
polarizations, although the widths and intensities are perhaps different on 
the two plates. 

These patterns for the higher rotational levels are quite similar to those 
found in a “II state for which there is a normal magnetic moment associated 
with the component of Z in the direction of the electric axis. In the upper 
*Y electronic state of this 7X—*L band there is a large magnetic interaction 
energy between S and an internal field directed along the nuclear rotational 
axis. This field must be due to a component of LZ in this direction, the order 
of magnitude of this component being at least a full unit of angular momen- 
tum, for one can interpret these patterns as being the superposition of the 
pattern due to the symmetrical top on a partial uncoupling of the spin S. 
The width of the blocks of lines forming the components in the patterns de- 
creases with increasing K, as they should. And the strength of the —com- 
ponents for the R; lines and the + components for the Re» lines is just as 
found in the *II—*2 band, for these components originate in the “wing” 
transitions which we have discussed above. 

It is not probable that this magnetic moment in this 7X state could be 
due to nuclear rotation, for then one would expect similar very large p-type 
doubling in all *X states of this and like molecules. Now there is other reason 
to believe that the outer electron configuration in this 7X state" is 4so0°3de, 
this level being derived from the low-lying 3D level of the Ca atom. Since 
L=2 (due to the d electron) and the effect of the electric axis is small 
(A=o=0), there is a good chance that the component of L along the per- 
pendicular axis can become large. The accompanying magnetic moment and 
rather large coupling energy with the S then account for the Zeeman pat- 
terns observed. 


1 R,S, Mulliken, Phys. Rev. 33, 730 (1929), 
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ABSTRACT 
kor the purpose of comparing the Raman effect with infrared absorption spec- | 
tra, the following organic liquids have been measured from 3.1u to 3.6u: benzene, 


toluene, ortho-, meta- and para-xylene, ethyl-, butyl-, monochlor-, and monobrom- 
benzene. The spectrometer employed an echelette grating, which had 3600 lines 
per inch, and which concentrated the energy of a Nernst filament into the region 
which was investigated. The dispersion of the instrument was such that with the 
slits each 0.25 mm in width, one “slit width” was approximately 25A”. The cali- 
bration was obtained in terms of the positions of the 5461 line from an auxiliary Hg 
arc, and the wave-lengths as given are considered accurate to +0.003u. In every 
case the bands in this region, due to the C-H vibration, which have hitherto been 
reported only under low dispersion have been resolved into many component parts. 


Phe 3.25u band of benzene was resolved into three equally strong components lying 


tw 


at 3.231, 3.253 and 3.291u respectively. The shifts of these bands caused by the vari- 


ous substitutions were studied, and in no case was a shift of over 0.014 found. 





URING the past two vears much has been said concerning a new 
method of infrared analysis, the Raman effect. Much importance is 
attached to it, for it offers a very convenient mode of attacking many prob- 
lems of molecular structure. However, its usefulness depends upon the 
accuracy of its theoretical interpretation, and the manner in which this latter 
agrees with experimental evidence. As a direct result of this, all work pre- 
viously done in the infrared has taken on an added importance, that of fur- 
nishing means of investigating and testing the theory of this effect. 
The technique of the Raman effect has developed so rapidly that the 
photographs taken now, are all made under high resolution and hence show 
considerable detail. These results must be compared with such infrared 
measurements as may be found in the literature, and since these latter wave- 
lengths are usually known to a rather low degree of accuracy, such compari- 
sons are not fair and in most cases can be only qualitative. So, in order to | 
obtain any quantitative checks between the two phenomena, it seems neces- 
sary that many absorption measurements be made with the highest resolution 
obtainable. 
The complete theory of the Raman effect is contained in the theory of 
dispersion as outlined by Kramers as early as 1925. Further calculations by 
Dirac,! based upon the more recent form of quantum mechanics lead to the | 
same results as those stated in the papers by Kramers and Heisenberg.’ 


! Dirac, Proc. Roy. Soc. All14, 710 (1927). 
2 Kramers and W. Heisenberg, Zeits. f. Physik 31, 681 (1925). 
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Here we learn that the intensity of a Raman line is determined in an entirely 
different manner from that of an absorption line. Between any two energy 
levels, say A; and Ag», the presence or absence of an absorption line is com- 
pletely determined by the value of the transition coefficient (ai.). However, 
in the expression for the intensity of the Raman line, this coefficient does 
not enter, but in its place the transition coefficients to a third level, say B, 
which can combine with both A; and A». Thus it is possible to have, between 
A, and Ag, either an absorption line or a Raman line, or both, depending on 
the values of the transition coefficients (ai2), (aid) and (asb). Further, in case 
both exist, the intensities are to be entirely independent of each other. That 
this interpretation is correct, cannot be doubted in view of the beautiful 
manner in which it agrees (in the case of the simple molecules) with the 
experimental results obtained by Rasetti, McLennan and McLeod and Wood. 
In HCI, Wood finds that the so called “missing line” occurs as a rather strong 
Raman line. It was shown by Kemble and Hill’ that this was in perfect ac- 


TABLE I, STRUCTURAL FORMULAE OF COMPOUNDS STUDIED 


cord with the theory. In the case of more complex molecules further cor- 
roboration comes from the work of Coblentz* on CCl,, and of many other 
experimenters. 

It seems well to emphasize here, the fact that one must not expect to 
find a one-to-one correspondence between absorption and Raman spectra. 
In spite of the many theoretical papers on the question regarding the differ- 
ence between the two, experimentalists frequently refer to the fact that ab- 
sorption lines “predicted” by the Raman effect do not appear in absorption 
measurements. Only if we know the energy diagram for a given substance, 
can we really predict from the Raman spectra just what lines shall occur in 
the absorption spectra. And in the case of the complex molecule usually 
studied by Raman investigators, these energy schemes are entirely unknown. 


3 Kemble and Hill, Proc. Nat. Acad. Sci. 15, 387 (1929). 
*W. W. Coblentz, Bull. Amer. Phys. Soc. 4, No. 2 (1929), 
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It is out of the question therefore to expect, as is very frequently done, that 
strong Raman lines will be found corresponding to each of the intense ab- 
sorption lines, and vice versa. 

It is clear then, that infrared measurements which can state wave-lengths 
with the same degree of accuracy as those on Raman photographs, will be 
of great interest. And so, as a step in this direction, we offer here a study of 
the C-H vibration in the case of the following nine organic liquids whose 
structural formulae are given in Table I: benzene, toluene, ortho-, meta- 
and para- xylene, ethyl- butyl-, monochlor-, and monobrom-benzene.> It is 
hoped that these results will be useful in connection with the Raman study 
of the same compounds made by Wood, for his plates show that this band is 
in every case quite complex in its structure. 


Oe, Mi, 


% gi, 
Fig. 1. Plan of apparatus. 
APPARATUS 

A plan of the grating spectrometer, which was used is given in Fig. 1. 
Radiation from a Nernst glower, operated on a 110-volt storage battery at 
0.35 amp., was focussed upon the absorption cell, C. After passing through 
this, it was focussed upon S,, the first slit. 1/7; then collimated the beam and 
directed it to G, the eschelette grating. The diffracted beam was then 
focussed upon S:, after which it was finally concentrated upon the thermopile 
7, by the mirror W;. 

Attention is called to several novel features included in this spectrometer. 
In the major part of these investigations a new type absorption cell was used, 


5 R. B. Barnes, Nature 124, 300 (1929), Bull. Amer. Phys. Soc. 5, 10 (1930). 
®* R. W. Wood, Phil. Mag. 7, 858 (1929). 
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instead of the customary one of rock-salt. As is shown in Fig. 2(b), this cell 
consisted of a brass cup so designed that the layer of the liquid to be ex- 
amined would be contained between the two microscope cover glasses, b and 
b’. This thickness could be varied at will, and very easily measured, for a 
metal “thickness gauge” could be temporarily inserted between the plates, 
while the horizontal tubes were being sealed in place with sodium silicate. 
Such a cell has a high uniform transparency in this region, and eliminates 
the inconveniences caused by evaporation of the solution and fogging of salt 
plates. The use and design of this new cell was suggested by Dr. Pfund. 
The grating was a chromium plated echelette’ ruled in this laboratory, 
and concentrated most of the energy in the desired region. Having 3600 lines 
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Fig. 2, Absorption cell and thermocouple mounting. 


per inch, and being 3 inches wide, it had a theoretical resolving power of 
over 10,000, as compared with about 170 for a 3-inch salt prism, the type 
usually used in this region. Since a grating, however, superposes orders, the 
effect of the second order 1.54 radiation had to be determined. A water cell, 
which had zero transmission beyond 3u was used. This had a transparency 
of about 70 percent at 1.5 to 2.0u. By making measurements with and 
without this shutter in place, the second order effect was readily detected 
and due allowance made for it in the calculations. 

The thermocouple was a compensating one made of Hutchings alloys.* 
This was used in series with a high-sensitivity Leeds and Northrup galvanom- 
eter of 5 sec. period. The scale distance was about 5 m, and the deflections 


7R. W. Wood, Phil. Mag. 7, 742 (1929), 
8 A. H. Pfund, J.0.S.A. 15, 69 (1927). 
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were read to 0.5 mm. By means of the arrangement shown in Fig. 2(a) a 
double deflection method, somewhat analogous to that used by Pfund,® was 
employed. By raising the weight, IH’, the radiation was focussed upon the 
lower junction of the thermocouple instead of the upper junction, and a 
deflection in the opposite direction was obtained. Readings were taken of 
deflections to the right, left and again to the right, thus eliminating the 
troublesome zero shift and at the same time realizing a double sensitivity and 
a greater accuracy. 

The calibration was obtained by placing a mercury are in front of S; and 
observing the positions of the grating as the first eight orders of the 5461 
line fell upon S.. The grating settings were determined by observing the 
image of a lamp tilament, reflected by a small mirror which rotated with the 
grating. By plotting the grating settings against the respective wave-lengths 
a perfectly straight calibration curve was obtained. Before and after each 
set of absorption measurements were made, this was checked at two points. 
In no case did the image of the filament fail to fall at its appointed place 
by as much as 0.5 mm, where a distance of 1 mm indicated a change of wave- 
length of 0.00284. The accuracy of the calibration was therefore better than 
0.00144. 

For each setting of the spectrometer we recorded a set of galvanometer 
deflections, C, for the radiation passing through the absorption cell; a set for 
transmission through an empty cell, £; and finally a set while the water 
shutter /7, was in place. By dividing (C-H) by (E-H) we obtained directly 
the percentage transmission for the wave-length indicated by the grating 
setting. 


RESULTS AND DISCUSSION 


The wave-lengths as stated below are believed to be accurate to less than 
+ 0.0034. Throughout most of the work the two slits were kept at a separa- 
tion of 0.25 mm. The mercury yellow lines in the 6th order were separated 
on the face of S. by 1.2 mm, which indicated that the “slit-width” must have 
been very nearf¥ 0.00254. Except in regions where a more careful check upon 
the location of some particular band was desired, readings were taken at 
intervals of 0.0070u. Even when these intervals were halved, the author 
realizes that much of the band structure has been missed. 

Fig. 3 shows a comparison of the absorption of benzene and four methyl 
substitutions. In Fig. 4 we have compared benzene with ethyl-, butyl-, 
chlor- and brom-benzene. In these curves we have plotted as ordinates the 
percentage transmission, and while the numerical values are not given, as 
the curves are each based upon a different zero line, the percentages run in 
each curve from about 95°; to 25 or 30°,. The structural formulae of the 
various compounds, showing the position of the C-H linkages, are given in 
Table I. Table II gives a list of all the observed bands. The samples used in 
every case are the same as those used by Dr. Wood in his Raman work, and 
are of a very high degree of purity. 


* A. H. Pfund, Pub. of Allegheny Observatory 111, No. 6 (1913). 
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TABLE II. Wave-lengths of observed bands. 





| | | . | AIC - - 
Benzene Toluene | x vd . x - | x a a — Pore psn 
| Xylene | Xylene | Xylene | enz enz. ieee 4 Binnie 
*3.036u |*3.163u |*3.193u |*3.193u |*3.186u |*3.186u |*3.178u | *3.156u *3.133u 
*3.096 3.238 3.261 3.276 3.23% 3.238 3.238 *3.186 *3.163 
*3.163 3.261 | 3.283 3.291 3.291 3.261 3.261 3.253 *3.186 
*3.186 3.276 3.313 3.313 3.308 3.298 3.298 3.268 3.261 
3.231 3.298 3.366 |*3.328 |*3.328 |*3.328 |*3.328 | 3.298 3.298 
3.253 |*3.343 3.396 3.381 3.306 3.366 3.381 *3.328 | *3.328 
3.291 |*3.358 3.418 3.396 3.396 3.411 3.411 3.366 3.396 
"3.258 | o.508 3.456 3.426 3.411 3.456 3.501 3.426 3.426 
3.456 | 3.426 3.473 3.441 3.4206 3.478 3.546 3.441 3.478 
3.501 | 3.478 3.501 3.486 3.486 | 3.568 3.4506 3.493 
- 3.583 3.0666 3 058 3.6058 3.478 


* Bands due to the absorption of water vapor in the atmosphere. More recent investiga- 
tions, in which better resolution was obtained, have revealed the fact that several of the bands 
listed in Table I], and which occur in Figs 3 and 4 as very small minima, are due to atmospheric 
absorption. It is possible also, that in regions where the C-H bands are of about the same in- 
tensity as the water-vapor bands, there may be some little uncertainty as to the exact locations 
of the former due to imperfect resolution. However, in the cases of the stronger C-H bands 
which I discussed above, this effect plays a negligible role. A complete account of this more re- 
cent work is very soon to be published. 


In this series of benzene derivatives, we have an excellent opportunity 
to study and observe the effects of various substitutions and of molecular 
arrangement and symmetry in causing a shift in the frequency of particular 
bands. Since benzene is the parent of all of the compounds studied we call 
especial attention to its characteristic bands. 

The C-H band of benzene is always reported at 3.25 in the literature.'® 
In this work we have it clearly resolved into three components of approxi- 
mately the same intensity lying at 3.231u, 3.253u and 3.291 respectively. 
We shall follow these bands throughout all of these compounds. Benzene 
shows other weaker bands as can be seen from Table II. In this discussion 
however, we shall deal only with the strongest bands in each of the com- 
pounds. 

In the case of toluene, we find in the literature!® a single band at 3.34y, 
indicating a shift, due to the substitution of the methyl group of 0.09u. 
From curve ()) of Fig. 3 it can be seen that this is not at all the case. All 
three of the benzene C-H vibrations persist, each having been shifted by 
0.0074 only, and are found at 3.238u, 3.261u and 3.298u respectively. The 
intensities of the two bands of shorter wave-length have been noticeably de- 
creased, while the band at 3.291y is still quite strong. The vibrations of the 
C-H within the methyl group have apparently introduced rather strong bands 
at 3.276, 3.343, 3.428 and 3.478u besides other weaker ones. These facts 
suggest that the presence of the other two H atoms in the CH; group makes 
possible several modes of C-H vibration other than those possible in benzene. 

In the xylenes we find many interesting changes. Orthoxylene is very 
unsymmetrical with respect to benzene, and so we expect the substitution 


10 \W. W. Coblentz, Astrophys. J. 20, 207 (1924); Carnegie Inst. of Wash, No. 35, 1 (1905). 
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to have a greater effect on the benzene vibrations than in the case of toluene. 
In the meta form, the effect should be smaller, and in paraxylene we would 
expect it to be nearly the same as that in toluene, or possibly less. By 
examining curves (c), (d), and (e) of Fig. 3 this is seen to be the case. In 
orthoxylene there is only one band which closely checks the benzene vibra- 
tions, the 3.2534 band occurring here at 3.2614 again. In paraxylene on the 
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Fig. 3. Absorption curves. (a) benzene (b) toluene (c) orthoxylene (d) metaxylene (e) para- 
xylene. Thickness, 0.05 mm. 


other hand, we find the 3.231y and the 3.291y bands recurring with no shift 
at all. 

Since the strong 3.426u band of toluene, does not appear in orthoxylene, 
while it does in the meta- and para- forms, we are inclined to look for a 
mutual effect of the two neighboring CH; groups. We find bands at 3.313y, 
3.396 and 3.486u occurring almost exactly in all three forms of xylene, while 
they are entirely absent in toluene, or to say the least, they occur in entirely 
new locations, again seeming to point to a mutual effect of the two groups. 
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The cases of ethyl- and butyl- benzene are somewhat similar. In each, 
we find the three benzene bands each shifted by 0.0074. Their intensity 
changes are relatively the same as in the case of toluene. Just as we expected, 
the other bands, occurring in these two compounds, which are apparently 
due to the C-H vibrations within the ethyl- and butyl groups, are found at 


a 
(a) 


Percentage transmission 








| | | | | j 
3.0 3.4 3.2 3.3 3.4 3.5 3.0 pu 
Wave-length 





Fig. 4. Absorption curves. Thickness 0.05 mm. (a) benzene (b) ethyl benzene (c) 
n-butyl benzene (d) monochlor benzene (e) mono-brombenzene. 


entirely different wave-lengths in the two cases. This is probably due to a 
different mutual effect in the two cases. 

It is interesting to note that in methyl-, ethyl- and butyl-benzene, whose 
molecular weights are respectively 92, 106 and 134, the vibrations of the C-H 
bond in the benzene radical, have been shifted by the same amounts, namely 
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0.0074. It must be remembered that 0.007 is the interval between the 
spectrometer readings and so the actual shift might even be slightly less than 
that indicated. 

In chlor- and brom- benzene we have a different type of substitution- 
namely, a single heavy atom instead of a group of C’s and H’s. Here, the 
3.23u band is absent entirely; the 3.2534 band occurs in each; the 3.291y 
vibration appears in each at 3.298u, and for the first time has its intensity 
very greatly decreased. Literature!’ gives for each one single band at 3.25y, 
with that for brom-benzene being much the stronger of the two, in close 
agreement with these results. 


CONCLUSIONS 


If we notice in every case the combined effect of the intensity changes 
and of the new vibrations introduced by the substitutions, we find that the 
result is just that necessary to cause the center of the absorption region to 
agree nicely with the wave-lengths given in the lower resolving power work 
recorded in literature.'" 

Apparently we can follow a particular band through the series of substi- 
tutions, noting the shifts and intensity changes which it suffers. We can see 
the mutual effect of the neighboring atoms upon the C-H radicals, and we 
can note distinct changes, dependent upon the symmetry of the molecule, as 
we progress for instance from benzene through toluene,ortha- and metaxylene 
to paraxylene. 

It is thought that from these results, supplemented by further experi- 
mental data on temperature effects which we are at present assembling, we 
shall be able to work out the energy levels ot these compounds. 

The author wishes to express his sincere appreciation to Dr. Pfund, 
Dr. Herzfeld, and Professor Wood, who have been very helpful in aiding this 
work. 
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ABSTRACT 

With the same system that Einstein employed, the Planck equation should 
issue directly from kinetic principles without the aid of the theory of induced emission. 
The three fundamental laws of physico-chemical kinetics are (1) the law of entire 
equilibrium, (2) the law of the duality of elementary processes (or the equality of 
direct and reverse transition probabilities), (3) the law of equal a priori probabilities. 
It is shown that all three follow from the law of the symmetry of time, and further- 
more, that the first and third of these laws are both derivable from the second. 

From one of these laws, from the equation of Boltzmann, and from the number 
of quantum positions in a Hohlruam within a given range of frequency, the equation 
of Planck is immediately derived. Finally, there is a brief discussion of the more 
general case of thermal equilibrium in a Hohlraum when the number of photons is 
permanently or temporarily restricted, resulting in a state of gray rather than of black 
radiation. 


THE justly famous paper in which Einstein! derived the Planck equa- 
tion, he first introduced that coefficient of induced emission which has 
played so large a part in recent physics. Without in any way minimizing the 
value of this conception, which indeed seems necessary to an understanding of 
radiation from the standpoint of field-theory, one may doubt whether it was 
necessary, or even legitimate, to combine this method of treatment with a 
totally different method based upon the kinetics of light quanta, or photons; 
especially as Einstein’s treatment seems to be incompatible with the principle 
of the symmetry of time, which we shall discuss presently. 

It should be possible to obtain the laws of radiation by methods of two 
distinct types. Let us not risk misunderstanding by calling these the method 
of the wave and the method of the particle. Let us rather say that the first 
has its analogy in classical electromagnetics, in which a radiating particle is 
conceived to be immersed in, and in equilibrium with, a field, while the second 
has its analogy in the classical methods of kinetic theory, such as that of 
Guldberg and Waage, whereby the radiating atoms may be regarded as 
reacting with the atoms of light. Einstein borrowed from both types, but we 
shall see that it is possible by the second type of method alone to obtain, in a 
remarkably simple way, Planck’s law of radiation, without otherwise depart- 
ing from Einstein's procedure. 


THE Laws OF QUANTUM KINETICS DERIVED FROM THE SYMMETRY OF TIME 
In a paper which is being published in Science, I show what remarkable 
conclusions may be drawn from the simple law, that in the domain of physical 
1 Einstein, Phys. Zeits. 18, 121 (1917). 
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science it is impossible to distinguish between past and future. If this law had 
been recognized, many of the errors of classical physics would have been 
avoided, such as the doctrine of Clausius that entropy tends toward a maxi- 
mum, the theory that energy is radiated in a continuous expanding spherical 
shell, and the associated use of the retarded potentials. To present problems 
the law of the symmetry of time finds its most interesting applications in the 
study of quantum transitions, into which all physico-chemical processes may 
be resolved. 

In discussing thermal equilibrium a special assumption has sometimes 
been employed which is not derivable from thermodynamics. It has been 
called the principle of detailed balancing, or of microscopic reversibility, or of 
entire equilibrium, and has usually been regarded as of useful, but limited, 
applicability. However, in the paper’ in which I spoke of it as the principle of 
entire equilibrium, I proposed that it be regarded as a universal law, valid 
throughout physics and chemistry. This view was unacceptable to many 
physicists on the ground that the principle could not apply to cases in which 
radiation is involved. I think it will be apparent as we proceed that these very 
cases illustrate in a most satisfactory manner the value and the scope of the 
principle. 

We may regard a physico-chemical system as passing through a succession 
of well defined quantum states for the whole system, which may be numbered 
(each degenerate state being separately listed). If the succession of these 
several quantum states is followed over a period of time long enough to be 
representative, we say that we are dealing with an equilibrium, and we may 
inquire how frequently one of these quantum states is reached; how long, on 
the average, it lasts, and what the chance is of a transition to any other given 
state. 

The law of entire equilibrium demands that on the average the transition 
from state j to state & will occur just as often as the transition from k to j, or in 
other words, that the chance of going from j to k is equal to the reverse chance. 
The chance of going from j to k is equal to the chance p; that the system is in 
the state j/, multiplied by the intrinsic probability ¢;, that when it is in state j 
it will go over in unit time to state k. The law of entire equilibrium then 
states that, 

Pidix = Prdx;. (1) 


The reason that I felt convinced of the universality of the law of entire 
equilibrium was that it is directly derivable from the principle of symmetry 
in time. If it should fail at any point it would be the only known case in the 
whole of physical science in which time appears as unsymmetrical. The argu- 
ment is simple: If in any system we should find ~j6;,>pidsj, Peder > Pidre, 
Pidis>pidi, we might still have equilibrium, but it would be of a cyclic 
character. We could state as a law for this system that the succession of 
states is chiefly in the direction jkljk - - -. Now reversing time, we should be 
obliged to describe the chief sequence as j/kjl - - -, a different law. 


2G. N. Lewis, Proc, Nat, Acad. Sci. 11, 179, 422 (1925). 
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QUANTUM KINETICS 


I shall not enter here upon the somewhat more difficult but equally bind- 
ing, proof, which I give in my other paper, that the law of the symmetry of 
time also requires the equality of the intrinsic transition probabilities in two 
directions, namely, 


Dik = Pj. (2) 


This, the most fundamental law of quantum kinetics, has hitherto received no 
name, except in so far as it has occasionally been confused with the law ex- 
pressed in Eq. (1). It may be called the law of the duality of elementary 
processes, in order to indicate that the transition from j to k, and the transi- 
tion from k to j, are not two separate physical entities, but the same entity 
regarded from two points of view. 

By combining Eqs. (1) and (2), we find 


Pi = px. (3) 
This is the principle known as the equality of a priori probabilities. These 
three equations, all of which may be derived from the law of the symmetry of 
time, underlie the whole theory of physico-chemical kinetics. 

Both of the other two laws may be obtained from the law of duality, in 
the following manner. If we say that the probability of finding a system in a 
given state is determined by the probability of entering that state, and by the 
probability of leaving it, this means that all the p’s are determined when all 
the ¢’s are given. The equations which suffice for such determination are 
evidently the ones which express the fact that in the long run the system 
enters as often as it leaves a given state. Thus, 

Pidi2 + Pidis + +++ Pidgin = poder + P3osi + ++ > pron: 

provi + prone + +++ prd@nww-i) = Pidin + Podew ++ Pwereweia 
Of these NV equations the last may obviously be derived algebraically from 
the remainder, but since the system must always be in one of the states, we 
have the further equation, 


pit pot--> py =1. 


We therefore still have N equations, and these must be independent if 
the p's are determined by the equations. Hence the solution is unique. Now, 
employing Eq. (2), we see that a solution, and therefore the only solution, is 
obtained by making the f’s equal. Thus we obtain Eq. (3) from Eq. (2), and 
from these Eq. (1) follows. 


THE DERIVATION OF THE PLANCK EQUATION 


Let us consider the same system that was discussed by Einstein, namely a 
Hohlraum of volume V, and temperature 7’, in which there is a single atom 
which may exist in the two quantum states A and B, the energy of the latte: 
being greater in the amount fv. In systems of this simple character it is 
possible to express the quantum state of the whole system by describing sepa- 
rately the quantum states of its several parts. Thus we may completely de- 
scribe this system by saying whether the atom isin state 4 or B, and by giving 
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the complete quantum state of the radiation. The latter may also be simpli- 
fied by setting up a set of skeleton quantum positions, or cells, and giving the 
number of photons in each skeleton position, or cell. 

The number dv of these cells lying within a given energy range /idy has 
now been obtained by several very different methods, all of which lead to the 


same result, namely, 
Srl" 


dun = —ily. (4) 


( 3 


By making V indefinitely large, dv can be kept large, however small the range 
dv. Indeed, the Planck equation, to which Eq. (4) leads, is strictly valid only 
for a Hohlraum of infinite volume. 

A completely specified individual state of the system is given when we 
know whether the atom is in state A or B, and when we know the number of 
photons in each of the skeleton positions or cells. The relative probability 
that the atom will be in state B or A, we shall assume, with Einstein, to be 
given by the following equation (although later we shall further consider its 
validity). 

Pp en 
= go hvikt (5) 
Pa 

From Eqs. (4) and (5), and with one of the preceding equations, we may 
obtain in a variety of ways the equation for black-body radiation. The very 
simple method which I shall give here I owe in part to a kind communication 
from Professor L. Brillouin, who has consistently maintained the applicability 
of the fundamental laws of kinetics to radiative processes. 

Let us pick out one particular cell, Q, which corresponds to the energy 
emitted by state B. Let us then consider a process by which the atom changes 
from B to A, while the number of photons in cell Q changes from an initial 
value, m7, to m+1, all the remaining radiation being unchanged. This may be 
expressed as 

BQm— A, Qmii. 


Calling the two complete states I and II, we have from Equation (3) 


pi = Pu- 
The probability p; is equal to the probability pz, that the atom will be in 
state B, multiplied by the independent probability qn, that cell Q has m 
photons; so also for the second state, and we may write 


PBQm _ PAQTm+i- (6) 
Combining this equation with Eq. (5) we now have a result which 
concerns the radiation alone, and tells the relative probability of having m+1 


and m photons in a given cell, namely, 


Jim +1 


———— = ¢ hv kT. 
qm 
If then go represents the chance that cell Q has no photons, g, the chance 
that it has one, and so on, 
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gQfotatgat::-=1l=qilte ho ( kT 4. e-2he/kT 4... ), (7) 


If the cell Q has no photons, it has zero energy, with one photon it has the 
energy hy, with two photons 2hy, so that E, the probable energy of the 
cell, is 


E = gohv(e—"” kT + Je 2hv/kT oe wee )y 
Eliminating g) by means of the previous equation, 


hv(emh?! AT 4 Qe-2heskT 4...) 


5 = (8) 
(1 +e hv/ kT +e 2hvk ro o +s ) 
and by carrying out the indicated division we find, 
= , hv 
E = hoe 4 g2hT 4.) = (9) 
hv kT 1 
€ 
Multiplying E by the number of cells lying in the range dv, from Eq. (4), we 
tind the energy dE lying within this range, 


82rV hyFdy 1 


dE = ——— —_—__——__ - (10) 


3 el”  -__ 1 


In this straightforward derivation of the Planck equation from simple 
kinetic principles there is no suggestion of “induced emission,” which, | 
should like to repeat, may appear as a very real phenomenon when the same 
system is studied from the standpoint of field-theory, but is not a considera- 
tion that properly belongs to the kinetic mode of treatment. 

Both Eq. (5) and Eq. (10) represent states of thermal equilibrium in the 
presence of an unlimited supply of photons. It is, however, perfectly possible 
to find processes by which photons interchange energies, and thus establish 
thermal distribution with respect to frequencies, without changing the num- 
ber of photons. In case the concentration of photons of each frequency is 
less than that of black radiation, we may speak of gray radiation. Such a 
distribution I regard as a true and permanent case of equilibrium. Others 
who deny this will still admit that such a state may persist for a long time. 
Such equilibria, whether permanent or temporary, are susceptible to ther- 
modynamic treatment. 

In the presence of such a gray equilibrium of radiation, the atom at a 
given temperature will be less often is state B than when black radiation 
is present, and we may correct Eq. (5) by writing 


ps 

Pa 
where y may be a function of temperature as well as of the number of photons 
per unit volume. Using this equation in place of Eq. (5), we obtain the ex- 
pression for the distribution of energy in gray radiation, which I have 
previously derived more rigorously,’ namely, 


8rV hyvedv 1 
——$_——— (12) 


—_ ye" ial (11) 


Ps 





3G. N. Lewis, Proc. Nat. Acad. Sci. 13, 471 (1927). 
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ABSTRACT 

In the recent theory of radioactive decay, and also, as is shown, in the theory 
of dissociation of a diatomic molecule by the acquisition of rotational energy, there 
occurs a potential energy curve which has the following shape, as we go, say, from 
left to right. At the left the potential energy is very high, it then comes down to a 
minimum, increases to a maximum, and again falls off to an asymptotic value. The 
problems connected with such a curve are of two types. First, we may be given 
a particle in the region near the minimum, in an energy level which lies below the maxi- 
mum, and wish to find the chance that it appear by a quantum mechanical process 
in the region on the other side of the maximum. Second, we wish to find how the 
“discrete states” in the neighborhood of the minimum are “broadened” by the 
continuum on the other side of the maximum. To solve these problems we first find the 
stationary eigenfunctions. By means of them the width and shape of the “broadened 
discrete levels” are found immediately. We then use these eigenfunctions to set up 
a wave packet, or, rather, we show how nature may set up a wave packet, which 
enables us to solve the first of the problems mentioned. The result justifies the use of 
complex eigenvalues for the solution of the problem. 


INTRODUCTION 


HE theory of radioactive decay, recently proposed by Gurney and Con- 
don,’ and independently by Gamow*® makes use of a potential energy 
curve of the tvpe shown in Fig. 1 (solid curve), the wave equation being of the 

form 
dy (dx? + (8? M/h*)(E — Uy = 0. (1) 


The alpha-particle is supposed to be originally in some energy level such as £ 
between x» and x;. There is then a finite probability of its appearing to the 
right of x; which gives the chance of disintegration of the radioactive atom. 

Curves of much the same general characteristics also occur in the case of 
molecules, and can be used to explain the phenomenon of dissociation by 
rotation; i.e. one can use them to show how rotational energy can cause a 
diatomic molecule to dissociate. This explanation was given by Oldenberg,* 
but as his work was not put into quantum mechanical form, and as alittle 
more information may be obtained when this is done, it seems worth while to 
devote a paragraph to indicating how this may be done. 

1 National Research Fellow. 

* Gurney and Condon, Nature 122, 439 (1928); Phys. Rev. 33, 127 (1929). 

’Gamow, Zeits. f. Physik 51, 204 (1928). 

4 Oldenberg, Zeits. f. Physik 56, 563 (1929). 
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One begins with the wave equation of a rotating and oscillating diatomic 
molecule, and, in the usual way, separates out the variables which give the 
orientation of the molecule. One thus obtains a wave equation in r, the dis- 

















Fig. 1. 


tance between the two nuclei. If we let F=rR, where R is the part of the ei- 
genfunction which depends on r, this equation is® 


d*F /dr* — jg + 1)F/r? + (8a°M/h*)(E — Uy)F = 0 


where j is the rotational quantum number, ./ the reduced mass, E the eigen- 
value, and Ul, the potential energy, which is a function of r. The term 
ji G+1)/F when multiplied by h?/872°.V acts exactly like an addition to the 
potential energy® and we may replace Up+(h?/87*A)j(j+1)/r by an effec- 
tive potential energy U, getting an equation like (1). When j =0 the curve has 
the usual form of the potential energy curve for a molecule (lower dotted 
curve in Fig. 1). As 7 increases the curves become like the solid curve of Fig. 
1, and finally when j is quite large they are like the upper dotted curve of 
Fig. 1, the valley becoming shallower and finally disappearing altogether.’ 
Now, as we shall see, we can in a certain sense speak of discrete states in the 
valley, corresponding to an oscillation of the molecule in this region, and we 
see that the number of discrete states in the valley grows less and less until at 
last there are no more. Thus if a molecule is in a certain vibrational state, this 
state will disappear, and the molecule will dissociate, if 7 exceeds a certain 
value. This is the phenomenon observed in the case of mercury hydride, and 
the explanation does not differ greatly from that given by Oldenberg. 

For energy levels such as E between the top of the mountain and the level 
of the plain, the problems which occur in the case of radioactivity will have an 
analog in the case of molecules. In the case of radioactivity what we observe 
is that a system starting in the valley goes through the mountain and appears 
in the plain. In the case of molecular spectra we actually observe another 
phenomenon. We find that the discrete states in the valley will be broadened 

5 Fues, Ann. d. Physik 80, 371 (1926). 

6 See Gamow and Houtermans, Zeits. f. Physik 52, 509 (1928). 

7 The curves of Fig. 1 are quite schematic. For curves drawn to scale see Oldenberg, l.c. 
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in the same sense as in the case of predissociation,’ and one in fact observes 
diffuse rotation lines. 

The problem which concerns the rate at which particles appear on the 
plain, and which, as noted, is of particular interest in the case of radioactivity, 
has been considered by a number of investigators. In the original papers of 
Gurney and Condon, and Gamow, no attempt was made to put this calcula- 
tion on a rigorous basis. Numerous articles have appeared since, attempting 
to do this. Among the various methods used the introduction of complex 
eigenvalues offers to my mind the most elegant solution of this problem which 
has appeared so far. This very ingenious procedure gives very reasonable 
results. Still the idea of a complex eigenvalue is a rather unusual one. The 
method also includes the assumption that the decomposition is proceeding in 
just the same way as if it had been going on for an infinite length of time. 
This is also not an unreasonable assumption but it can be avoided; at the 
same time the use of complex eigenfunctions can be justified, and new light 
thrown on the significance of the whole process by the method we propose to 
use. 


METHOD OF ATTACK 


First of all we shall consider the entire system to be enclosed in a large box, 
to avoid the necessity of considering a continuum. Then we shall find the 
stationary eigenfunctions. In general it will be found that the part of the ei- 
genfunction on the plain will be great compared to that in the valley. As we 
pass through certain energies, however, the relative size of the part inside will 
increase, reach a maximum and fall off again. To avoid circumlocution we 
shall refer to these energies as “discrete levels.” They will in general occur 
near an energy where we would expect a discrete level to be if the curve rose 
continuously to the right of the valley. Since there is a finite energy range 
over which the part of the eigenfunction in the valley has a relatively large 
size these discrete levels are “broadened.” 

We wish now to investigate how our system can appear in a “discrete 
state,” and what it means to say that we start out with our system in the 
valley, and calculate the probabiity that it will get out on the plain. To do 
this we suppose that the system was originally in some real discrete state 
which might or might not be part of the system of states belonging to the 
potential energy curve of Fig. 1, but from which no escape from the valley 
into the plain is possible. We will call the eigenfunction of this state Yo and 
its energy Ey. Now our system is subjected to a perturbation which causes it 
to appear in one of the states belonging to the curve of Fig. 1. There is a cer- 


§ Rice, Phys. Rev. 33, 748 (1929). And see Schridinger, Sitzungsber. Preuss. Akad. 
Wiss., (1929) 668. 

® Kudar, Zeits. f. Physik 53, 61, 95, 134 (1929); 54, 297 (1929); Gamow and Houtermans, 
Zeits. f. Physik 52, 496 (1928); Gamow, Zeits. f. Physik 53, 601 (1929); Fowler and Wilson, 
Proc. Roy. Soc. A124, 493 (1929). See also v. Laue, Zeits. f. Physik, 52, 726 (1928); Sexl, 
Zeits. f. Physik 54, 445 (1929); 56, 62, 72 (1929); Born, Zeits. f. Physik, 58, 306 (1929); Atkinson 
and Houtermans, Zeits. f. Physik 58, 478 (1929); Sexl, Zeits. f. Physik 59, 579 (1930). Relativ- 
ity treatment, Mller, Zeits. f. Physik, 55, 451 (1929) 
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tain probability that it will land in some one of these states, of energy E£, say, 
which is near some discrete energy, Ey. The eigenfunction of energy E 
(not including the exponential time factor) will be called Y(£). The wave 
packet which is formed by systems jumping from the state to the states Y(£) 
will be of the form 
v= cal E)(E) exp (— 2niFt/h) 

where a(£) is a constant coefficient for any £, and the sum is taken over all 
allowable values of £, which form a continuous set within the limits allowed 
by the box. 

As a typical example, we shall consider the case where the perturbation 
which sets up the wave packet y for us is due to the action of monochromatic 
light,!° of a frequency somewhere near E,— Eo which difference we will sup- 
pose great'! compared to the “breadth” of the discrete state at Ey. Now we 
have said that we will have the wave packet produced by monochromatic 
light. But if light is to be strictly monochromatic we have to shine it in for an 
infinitely long time. There would be no sense in making any calculation for a 
process which occurs after such an excitation. In fact there would be no 
process to calculate. The system after the excitation by light would simply be 
in one of the stationary states y(E). We can, however, shine in light of a given 
frequency for a short time. [tis of particular interest to have it shine in for so 
short a time that any of the states Y(~£) over a considerable range of energies 
in the neighborhood of Ea may be excited, and short enough so that no 
appreciable difference in phase of the exponential factor for the various states 
(2) in the expression for ¥ can arise.” The matrix component of the pertur- 
bation for the excitation by light from state Y) to a state Y(£) is proportional 
to the matrix component,” Pog = /o*~oPY(E)dx, where P is the electrical 
polarization expressed as a function of x. The ¥(£) must be normalized. 
a(E) will be proportional to Pog and to tind out how Pox depends on E we 
must make a certain assumption regarding the integral which gives it. We 
assume that all appreciable contributions to this integral come from the range 


© Rice, Phys. Rev. 34, 1454 (1929), 

1 The assumption that E,—F, should be great compared to the width of the discrete 
state at EF. was also made in the previous work, Ref. 9, but it was forgotten to mention it 
explicitly there. This assumption was necessary to show that a, in Eq. (5) of that article is 
proportional to P,..; it makes E-,’—E, practically independent of £,’ over the important 
range of E,,’. 

2 As in the case prev iously considered (Ref. 10, see p. 1458) it seems safe to replace this 
condition by the statement that the time of illumination must be short compared to the time 
of decomposition, i.e. in this case the average life of a particle in the valley before it escapes 
into the plain. If the time of illumination is so short that more than one discrete state 
is excited the various decompositions from the various states may all be treated separatels 
provided the energy between two discrete states is great compared to the breadth of a discrete 
state, a condition which must be fulfilled anyhow. This will also presumely be the case, if the 
perturbation is due to any other cause, provided it lasts for such a short time that no appreciabk 
decomposition takes place in this time. The point is, as we shall see, that the wave packet 
starts in the neighborhood of the valley, and if the time of the perturbation is short enough, 
it will not, during that time, get out of the valley. 

13 Dirac, Proc. Roy. Soc. Al12, 674 (19260). 
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of x in the valley, because Yo is supposed to have appreciable values only in 
the valley. In the immediate neighborhood of any given discrete level in the 
valley, the shape of the part of Y(/) which is in the valley or the amplitude 
of the part in the plain will not vary greatly with the energy over a small 
energy range, but the ratio which we call B, of the magnitude of the valley 
part of Y(/) (for some definite value of x, say x') to the amplitude of the 
plain part will vary greatly with the energy. Let us designate the maximum 
of Bas B,. Then BB, (which does not depend on x') is equal to the ratio™ 
Poe Por, because the normalization makes all Y(£) alike in the plain." The 
coetlicient a(/) is proportional to Por hence to Por/ Por, hence to B/B,. 
Therefore, neglecting a constant factor, Y becomes 


y = > B/ B,)¥(E) exp (— 2riEt/h) (2) 


where the summation is over all allowable values of E. Now it will later be 
seen that this equation results in the total amount of material in the plain at 
t=0 being zero or almost so, but as time goes on, matter appears in the plain, 
and the amount of material in the valley suffers an exponential decrease. 

If Ay is greater than Ey, so that the wave packet is set up by emission of 
light the above will also hold. 


CALCULATION OF THE STATIONARY EIGENFUNCTION 


If Y now is the stationary eigenfunction for some definite energy E, it has 
been shown that for regions when |_E—U | is not too small, and the slope of 
the U' vs. x curve not too great, that the solutions of the wave equation can be 
written in the form’ (disregarding constant factors) 


sin 


COs 


(U' — E)-*"* exp ex f (UC - Bas (4) 


for U>E, where « = (87° 17, h*)"*. 
In the immediate neighborhood of such a point as x»; these solutions do not 


for U<E, and 


y 


hold. The question now arises as to what happens if we start with some given 
solution in the mountain to the left of x,, and go through x, into the plain. 
On the assumption that the side of the mountain is long and straight, Kra- 
mers'® has shown that, if we start with the solution 


(U—E)-“exp } —kf- (U—E)"dx } 
far to the left of x, after going through x, and getting far to the right the 
solution has become 


4 Fis not a well defined energy and we could take it as that value of the energy for which 
B isa maximum. We prefer, however, to designate the latter energy as /). 

4a The matter of normalization is explained in more detail after Eq. (17). See also Ref. 8, 
p. 749 

16 See, e.g., Nordheim, Zeits. f. Physik 46, 842 (1927). 

16 Kramers, Zeits. f. Physik 39, 828 (1926). 
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wn 
+ 
we 


2(E—U)-"4 cos {xf (E—U)""dx—71/4}. 
This means that the particular solution of the differential equation which has 


the one form to the left of x, has the other form to the right. We express this 
by using the following notation: 


(U — Ey exp faa f (= Brat 


z 


< ° , j . . , ) * = 
—— 2(E — U)~''* cos i«f (E— U)' "dx - re (5) 


al | 


Putting in the limits is equivalent to evaluating the constant of integration, 
the integral being a function of x. Kramers and Ittman" also point out that 


(U — E)-"'* exp cf (U — fk)! ‘dx 


r 


Sh (e= vitsin fc [B= Ear - = bw 
{ 4 / 


7) 


Zwaan!’ points out that the relation (5) holds whether the side of mountain is 
long and straight or not, if we can go from a region where the approximations 
of the type (4) hold to a region where the approximations of the type (3) hold, 
va a path in the complex plane along which the solutions are of the general 
type (E— U)-"4 exp} ix/%,(E—U)! *dx' and which crosses the curve along 
which argument of /%,(E—U)!dx is 7/2 at a point where the absolute value 
of [,, (E—U)"*dx is large.” 


In similar manner we also have 


5 (U = Bex} « f (U — E)! dx 8) 


Now if we multiply the left hand side of expression (5) by the factor exp 
“= r +\ 9 . . . . . 

{x J2(U—E)"dx} which we will call 0/2 we see that it coincides exactly 

with the right hand side of expression (8). Likewise if we multiply the left 


“ Kramers and Ittman, Zeits f. Physik 58 222 (1929 

18 Zwaan: Intensititen im Ca-Funkenspektrum, Thesis, Utrecht (1929), p. 35. I am 
indebted to Dr. F. Bloch for calling my attention to this work. 

1 Kramers and Ittman state that (6) can be derived in the same way. 
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hand side of (6) by 20 ' it coincides with the right hand side of (7). Thus we 
have established a connection between the solutions to the left of xs and to 


the right of x, We see, in fact, that 


; 1 I 
ve and a ™ | 
A( l COs A } BE—-— U)' "da . (9) 
J, 44 
and 
> r ) 
/ l COS 5 kK / l dx 
. 4 4 
ve and a P T | 
a © Dame | ‘sin 4 kK k-l dy — (10) 
e 1 4 


The actual eigenfunction in the valley must consist of a linear combination of 
the left hand sides of (9) and (10). If the eigenfunction in the valley is 


oe tne! [ ee ee, 
I: l E ww I: l adi ri ( 


i re 
+ bsin 4 k (FE i (11) 
| 44 


e 


the same eigenfunction in the plain is 


— (EK — U)-' 4 @' sin # fue —U)' "dy - a 
wep 43 


| . ) i — 1/2 —_— wl { ) 
+ b@cos 4k (E CU") dy (12) 
i J, 45 


THE SHAPE OF THE BROADENED DISCRETE STATE 


In order that the solution of the wave equation should be an eigenfunction 
it must satisfy a certain condition to the left of x3. It is probably good 
enough to assume that to the left of x; the solution must decrease exponent- 
ially in absolute value as we go to the left,"® and the solution to the left of x3 
will therefore be of the form (U—E)-exp, —«/ "(U-—E)'*dx!. Now 


(Ll — ££) iespd—« f (U = Bde 


(11) must be the same as the right hand side of (13), and it can be made the 
same as follows. We can easily at any time adjust the amplitude of (11) or 
(13) so that they will be the same. But we have to adjust the phase of (11) 
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so that it will coincide with (13). This is done by choosing the value of 6. At 
some energy, say for example at £;, the value of 6 will be zero. Then under 
the mountain we have only the decreasing exponential. The value £; will 
therefore be approximately the same as an eigenvalue of the wave equation 
if the curve for LU’ increased indefinitely to the right. Kramers'® has shown 
that the condition that ~,; should be the energy of such a discrete state is 


“| (E, — U)' "dx = nr (14) 
when »=1 2, 3.2, 5/2,---. The phase of the right hand side of (13) 
(starting from x ) is less than that of the first term of (11), at some & not 
too distant from £;, by 


K | - (i — l)' "dx — k | | (FE, — U)' "dx. (15) 


The amount that the phase of (11) is less than that of its first term is tan7'd. 
Thus, since (13) and (11) must be alike, 


b = tan «|  (E— U)""de — « (Ey — UU) "da 7 (16) 


Now if the breadth of the “broadened discrete state” is to be narrow 
compared to the distance between two discrete states, it means that over the 
“width” of the discrete state (15) must be small compared to 7. We assume it 
so small that we may write 


a wr; 

= (E — E\)—k | (E— U)' "dx 
OR Jy 

which we set =)'(E—E,). The derivative is taken for E=F,. It is important 

to note that 0’ is positive. 

We now wish to find how the value of } affects the relative size of the ei- 
genfunction in the valley and on the plain. For large values of x we know that 
U’ takes on some asymptotic value, which we can without loss of generality 
take as 0. Then (12) also has an asymptotic form. In the limiting case when 
the box is large this part of (12) will determine the normalization, as the in- 
tegral of y* over the plain can always, by taking the plain long enough, be 
made large compared to the integral across the valley. We make /*¥dx =1. 
The amplitude of the sinusoidal function represented by (12) is (for large 
values of x where U’ =0) equal to (@-? + 0°6*)!*E-' 4. To satisfy the normaliza- 
tion conditions the amplitude must be (2, x,,)'* where x,, is the largest possible 
value”® of x. Ta normalize we therefore multiply (12) by (@°-°+0°@)—-'?E'4 


20 Giving x a largest value allows in an idealized way for the fact that the system is in a 
box. 
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(2/x,)'*. Now (11) must also be multiplied by the same thing, so its ampli- 
tude becomes (1 +067)! ?(B— U)~'/4(6-2+ 0°62) -!27 EM 4(2/x,,)"*. But if b is small 
so that (17) holds, then it will also be negligible compared to 1. So the ampli- 
tude of (11) becomes 


(E— U)- (6-2 + BP?) EU 2/ x U2, 


If we divide this expression by its value when E =F), and hence b=0, we get 
an expression which will no longer depend on the particular value of x be- 
tween x. and x;, and which will in fact be just equal to the quantity B/B, 
which appeared in Eq. (2). We thus find (assuming that £ and @ do not vary 
appreciably over the range of & included in a broadened discrete state) : 


B/B, = (1 + b'@4)-'/2 = [1 + 0°(E — E,)*04]-"". (18) 
The shape of the broadened discrete state is found by plotting 
(B/B,)? = [1+ b°%(E — E,)*64]-4 (19) 


against E. The width w of the state we may define as the energy over which 
(B,B,)* has the value 3} or greater, or twice the absolute value of E—F, for 


which (B B,)?=3. Thus 


uw = 2/b'0°. (20) 


THE SETTING-UP OF THE WAVE PACKET; THE RATE OF DECAY; PROOF OF 
ASSUMPTION OF COMPLEX EIGENVALUES 


For a very large box the summation in Eq. (2) can be replaced by an 
integration, which is surely allowable, as it will be seen that the integrand has 
no singular points. Eq. (2) thus becomes 


y -{ (B/B,)¥(E) exp (— 2xiEt/h)dE/e (21) 


—x 


where ¢ is the distance between energy levels, and is equal to 27E!?/xx,, 
where x,, is the largest possible value of x. It is only possible to integrate thus 
from © to — © because only a small range of E’s contributes appreciably. To 
find W for x>x, we substitute for Y(£) in (21) the expression (12) with U=0 
which must however be multiplied, as noted, by(@-?+0°0*)-!2E'4(2/x,,)!? = 
6(B/B,)E'4(2/x,,)"*. To find y(£) for x3 <x <x. we use (11) multiplied by the 
same thing. We will, however, find it convenient to multiply (11) and (12) 
through by —é@(B/B,)E™*e, instead, which is permissible for the following 
reasons: yw itself is not normalized, and we can always further multiply or 
divide (11) and (12) by any factor which does not depend on £. And in the 
range of values of E which contribute importantly in the integral (21) we may 
regard e€ as constant. E'4,(E—U)"‘, and @ are also practically constant. 
So (11) gives, when thus multiplied and substituted in (21) remembering (17) 
and (19): 








| 
' 
| 
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* COS4 K mG: — U)'"*dzx — eee rikt/h) 
E,\/4@ ) ¥ ( 
= — ——_—_—_ —_—_——  — — ———— dd FE 
(E, — U) 1+ b'°04(E a 
— a ee side v | _ 
x §'(k& — E)) sin ) K (EF — U)'?dy — re exp (— 2mtkt/h) 
+ (ess snieenonnanunceneanienasininannniesiaaisties ——_——_—_—__—__—_—__—_—— —- dE }(22) 


1+ 0" 0 E — E,)* 


For great values of x we can substitute xE'*x+¢ for xf.,(E—U)!"dx—7/4 in 
(12). We simply let ¢ be the difference between these two expressions, this 
difference being constant for large values of x. Then we multiply (12) by the 
same expression as we multiplied (11) by, and get 


b= f [sin }eE'/2x+¢! +0°'(E Mca el $$ i Jexp( —2nikt hy 


_——$— um — = (23) 


1 + b” "04( F , FE)? 


We assume that the important range of E in this integral is so small that ¢ is 
the same for all the states in this range. We now proceed to evaluate (23). 

We substitute (E—E,)+£, for E, and F\'?+(L-E£,)/2E;'" for E'?, as 
this is allowable for the small values of E — EF, which contribute to the integral. 
The latter substitution gives the cosine and the sine of the sum of the two 
angles «E,'?*x+¢ and (x/2E,'") (E—E,)x. These are reduced by the usual 
trigonometric formulas. We also write exp (—27iEt/h)=exp (—27iE\t/h) 
[cos | 2r(E—E,)t/h} —i sin {27(E—E,t/h!]. One thus gets a number of 
parts of the integral which drop out because they are antisymmetrical about 
the point E—E,=0. The rest of the expression becomes 
Y = exp (— 27iF\t/h) 

cf. sin {xy Nx + ¢} cos f(x, 2E,"?)(E — E,)x} cos {2e(E — Ey\t/h} tt a 
i+” aE — E,)? 2 
* (E— E))sin }xEy''*e + 54s nf («/24"2)(E — Ey)x} cos {2(E — Ey)t/h} 
-_ ve f . ‘ 





——. diE— Ff 
rey — f)? 
if cos } KF,!/2x +3} sin {(«/2E,"'2)(E — E,)x} sin {2x(E — Ey) h} UE F 
Sle gest , , 
_ be? f" "@ — i) cos | KE! 2x +i} cos | (x /2 2 2)\(E—E,)x} sin} 2x(E—E))t/h} HE — E ] 
1+ 6° E-E 


The four adam we shall designate respectively as J;, J, Js, Js. Another 
trigonometric reduction gives J;=} sin{xE)¢x+¢}] (yt+i>) and [n= 
A[sin{«E,"2x+¢}] (22++J2-), where 


a) cos t [(x 2E, 1 2) y + Iai h\(k ” E,)} | | 
—* Rpg d( ik — E)) 


= i+ b°O(E — E,)? 
and 
is E — E,) sin } | (x 2E\'*)x + ari h\(E — 4 P + 
matty 1+ BONE — E 1)? 
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I,+ and J, are to be found from Pierce's Tables”! and J.* and /.~ can readily 
be found by differentiating 7;* and 7; with respect to the proper parameter 
(x/2F,)'°x+2rt h. Now it will be found (as 0’ is positive) that the contribu- 
tions from /;* and J»* cancel each other in the expression for Y, as do also the 
contributions from J,;~ and Js~ when (x/2,'*)x>2z7h/t. When, however, 
(x 2K,)*)x <2rh tthe latter add. We can treat J; and J; in a similar way. So 
¥ is zero for (x/ 2E,!*)x >27h/t and for (x/ 2E,!*)x <2rh/t we have 
y =(mr b’6*) [sin (xk! “¥ + ¢) — i cos (xE,! “yx + c)] 
exp | [(«/2E.'*)x — 2at,h| b'0?| exp (— 2riF yt, h) (24) 
= (9 /b'@)exp} i(xeEy) 2x — rE yt h—w 2+0)\ exp} (x 2E" 2) x—2et h]/0'e} 


We see that this represents a wave going in the positive direction with the 
particle velocity (2, .1/)'*, and with an amplitude determined by the second 
exponential factor for values of x up to the place where («/2E,!*)x =27t/h 
after which it breaks off. The wave shows an exponential decrease with time 
and just the proper exponential increase with distance to insure that the 
amount of matter in the wave is conserved. This is exactly like the outward 
going wave of Kudar’s,’ which resulted from the use of complex eigenvalues, 
except that his did not break off, but continued out to infinity in space and 
negative infinity in time. 

We shall now evaluate (22). The sine and cosine of «f-*(E—U)!*dx—7/4 
are roughly periodic functions of E, but we know that in the important range 
of E the functions have gone through a small fraction of a period, as we are 
considering a discrete state that is narrow compared to the distance between 
two discrete states We can therefore consider the sine and cosine terms as 
constant factors in the integration of (22). We write exp (—277Et h) in sine 
and cosine form, as before, substitute in (22), note that some of the parts of 
the resulting integral drop out because of antisymmetry of the part of the 
integrand about E—EF,=0, integrate the remaining terms, which involve 
integrals of the type already met with, and get 


v = — lexp (— 2riEyt/h)|[(E,'0)/(E, — U)"4] 


| (4 b’6") cos ‘ cf . (FE, —U)'"*dx -— x yt exp (— 2nt/hb’0") 


f 
— i(m/b’@4) sin cf (E, — U) 


Since the distance between two discrete states is by (17) and (14) of the order 
of 1/0’ and since, if w is to be small compared with this, 6? must, by (20), be 
large compared to 1, the last term in the expression (25) is negligible, and we 
are left with 


v = — [exp (— 2riF\t/h))E,'/40(E, — U)-"/4(9/b'0?) 


tm 
1 


‘dz—- at exp (— 2nt/hb'6*) |. 


cos cf (E, — U)'?dx — 4} exp (— 2nt/hb'6?), (26) 


z 


41 Pierce, “A short Table of Integrals,” Ginn and Co., Formula 490. 
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a standing wave, except for the exponential decrement with time. Actually, 
if we consider terms of higher order, the wave function in the valley will not 
be expected to be merely a standing wave with exponential decrement with 
time. 

Now if the mountain is not too thick through (i.e. if x;—x. is not too 
great)** we may find the expression for y in the mountain the same way as we 
found it for y in the valley. We simply assume that exp} «/),(U—E)""dx} 
does not vary over the effective range of E— &,, and this is, in fact included 
in the assumption we have already made that 6 does not vary appreciably 
over this range. The integrations are then readily performed. We get an 
expression which again contains the factor exp (— 277E,\t/h —27t/hb’@). Also 
just to the right of x,, (23) does not give an exact expression for y. The 
difference between the true value of Y and that given by (23) will, however, 
not be appreciably different from 0 for any great distance to the right of x, 
and for this range we may also assume that Kf (E- U’)'*dx does not vary 
appreciably with £ over the range w, or at least that it is a linear function of 
E—&,. In either case it is easily seen that the expression for y will contain the 
factor exp (—27iE,\t/h—2rt/hb’@*). Thus we see that the assumption of a 
complex eigenvalue is at least approximately correct, and that the smaller w 
is the better the approximation is. It also depends on the relations (9) and 
(10). It is also, of course, necessary that ¢ should not be too small. 

The rate of decay, y, of Y is of course given by twice the real factor of ¢ in 
this exponential time factor. We have* 


y = 41/ hb’? 


(27) 
r/o .. ; " j . \ 
= ={— cf (E— U)! ‘ts) exp 4 — 2% f (U — E)'/*dx > 
h\aE Js \ . 
It is seen from (20) that 
w/y = h/l’r (28) 


the same relation that held in the case of predissociation, where we have a 
different type of interaction between discrete and continuous states.”* 


GENERALIZATION OF THE RESULTS 


Our results so far are somewhat unsatisfactory inasmuch as the general 
validity of the relations (5), (6), (7) and (8) depends upon the properties of 
E-—U considered a function of x when x is a complex variable, which are a 
little hard to investigate in a general way, or upon the assumption that the 


22 In order for the discrete state not to be too broad, @ must be great. The condition just 
cited states that a sufficient portion of this greatness must be caused by the height rather than 
the breadth of the mountain. If the mountain and the valley are of somewhat the same width 
the required condition will be sufficiently well fulfilled. 

23 This expression agrees with that of Kudar, Zeits. f. Physik 53, 99 (1929) also that of 
Fowler and Wilson, l.c., in the exponential part, but not in the factor. The difference is prob- 
ably due to the fact that Kudar and Fowler and Wilson considered a type of potential energy 
curve to which Kramer’s approximation method could hardly apply. 

% Ref. 10, p. 1457. 
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mountain-sides are long and straight. We may, however, show that the gen- 
eral character of the results depends only on the broadening of the discrete 
state being sufficiently small so that any given solution of the wave equation 
does not change its general character in that range. For then we may assume 
that a particular solution in the plain (far to the right of x;) is connected with 
a particular type of solution in the mountain and in the valley. Thus the two 
solutions £'*S. (x#'*x+¢) are connected with solutions in the mountain 
and valley which do not change much over the range of energies in the width 
of the discrete state. This will be true no matter what value we choose for ¢. 
Let us choose ¢ so that if EK=F, the eigenfunction in the plain becomes 
I 4sin(xE!*y+¢). For any other value of E the eigenfunction in the plain is 


[E-'4 sin (KEM 2x + 0) + EO! 4 cos (®EM2x + O)/(1 + 2)", (29) 


If E—F, is small enough g can be written as a linear function of E—£, say 
¢’(#2—E)) and in general it may be expected to be of the order of b’6°(E — £) 
as before, but the general character of the results, and the possibility of the 
use of complex eigenvalues do not depend on this. (The sign of g’ is important 
but is surely the same as that of b’@°.) Since we assume that the range of 
E—E, is so small that the shape of the eigenfunction in the valley is not af- 
fected we see that (B’B,)? is given by 1/[1+g"(£—£,)*], hence all our pre- 
vious results follow with g’ substituted for b’@°. Except, therefore, for this 
substitution we see that our results depend only on general properties of the 
solutions of the wave function, and not on their specific form. 

I wish to thank Professor W. Heisenberg and Dr. F. Bloch for discussing 
this problem with me. I am informed by Dr. Bloch that much the same 
thing has been worked out independently by Professor Kramers, though 
without indicating, as is done here, how the wave packet is probably formed 
in nature. 
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ABSTRACT 


Further consideration is given to the problems which arise when the continuum 
of one electronic state of a diatomic molecule occurs in the same range as the discrete 
states of another electronic state. In the finding of electronic states and the potential 
curves which go with them certain approximations must be made; a better approxi- 
mation can then be obtained by quantum mechanical perturbation theory. The dis- 
crete states are broadened, and this will appear, inasmuch as spectral lines involving 
these states are broadened. In this paper the shape of the broadened spectral lines 
is found, certain properties of the perturbation matrix are considered, and a wave 
packet is set up or rather one such as would be set up by nature is used to give all the 
details of a radiationless transition from a discrete state to the overlying continuum. 


SHAPE OF A SPECTRAL LINE IN CASES OF PREDISSOCIATION 


HE simple result obtained in the preceding paper® for the shape of the 

absorption line in the case of radioactive decay and other similar pro- 
cesses, suggests that it would be well to try to obtain an explicit result for the 
shape of the line in the case of predissociation, for purposes of comparison. 
The shape of line could of course be calculated from the expressions in the 
first paper with the above title*® (hereafter referred to as (I)), but it turns out 
that these can be somewhat simplified. 

In this paper it was shown that the absorption coefficient over a broadened 
spectral line (see Abstract above) as a function of E—£, (called —E in (1I)) 
where E is the energy of the light absorbed and E, the energy of the center of 
the line, is proportional to K*, where 





1 1 
Kk? = (+ — omen alle ae 
(e/2 + 8)? (3e/2 + B)? 





“4 
- ~ +.) 
(e/2 — B)?  (3e/2 — B)? a 


where ¢€ is the distance between unperturbed continuous levels‘ (the system 
being in a box) and where @ is a parameter given by the equation® 


1 National Research Fellow. 

2 Rice, Phys. Rev. preceding paper in this issue. 

* Rice, Phys. Rev. 33, 748 (1929). 

* ¢ can of course be varied arbitrarily by varying the size of the box, but in any given 
problem can be regarded as a constant. None of the results depend on it in any essential 
particular, and it will always cancel out of expressions for things which are experimentally 
determinable. Nevertheless it has been found very convenient to treat the system as if con- 
tained in a box, so the continuous levels really become a very close-spaced set of discrete ones, 
and we shall continue to do so. 

5 (1), Eq. (26), since t¢4=tac (see Rice, Phys. Rev., 34, 1459 (1929), especially footnote 19). 

1551 








ome 
wn 
uw 
Iw 


O. K. RICE 


E— E, = — 2BAX,@’ (2) 


where A = (7/28) [2 cot(278/€) —cot(z8/e) | andv.2is the component of the 
perturbation matrix giving the interaction between the discrete level and 
the continuous levels. Now A is easily reduced to the form —(7/2¢8) tan 
(7B/€), hence (2) becomes 


E — E, = (%ya’a/€) tan (8 €) (3) 


Eq. (1) can also be further reduced as follows. A was originally expressed as 
an infinite series,® 


which is equal to 


‘( 1 1 | 1 1 
w\e/2+8 3/2+ 8. 2-8 X/2-8 , 


From this and (1) we see that K~* is equal to — 2d(GA), d8 = (7/€)*sec?(7B/e). 
Disregarding the constant factor, the absorption coefficient is given as a func- 
tion of B/e by (Kz/e)*=|sec?(78/e) |-!=[1+tan?(rB/e)]-". By (3) this 
becomes 


(Kr/e)? = 1/[1 + 4(E — E))?w?| (4) 


where w = 277.4°/€ is the width of the line. Hence the shape of the broadened 
discrete line is the same in the case of predissociation as in the case of radio- 
active decay or dissociation by rotation. 


SOME PROPERTIES OF THE EIGENFUNCTIONS AND PERTURBATIONS 


In previous work on the rate of predissociation’ it has never as yet been 
possible to follow the wave of dissociating molecules in the same way as 
in the preceding paper we have followed the wave of departing alpha par- 
ticles in the case of radioactivity or the dissociating molecules in the case 
of dissociation by rotation. We are now in a position to do this in the case 
of predissociation. First we must consider certain properties of the eigen- 
functions and perturbations involved. 

To get the unperturbed eigenfunctions we first hold the distance, r, be- 
tween the nuclei fixed, and solve the wave equation for the electrons and 
the rotation of the nuclei. We can write this equation in the following form 


(He i UnlOn = 0 (5) 
He, is the Hamiltonian® with respect to the electrons and the rotation, 0,, 


6 See (1), Eq. (23), and text just after (23). 

7 Wentzel, Phys. Zeits. 29, 333 (1928); Kronig, Zeits. f. Physik 50, 360 (1928); Rice, Phys. 
Rev. 34, 1451 (1929). 

8 We use the following system of coordinates. We refer everything to a set of axes which 
pass through the center of gravity of the system as a whole. But in the case of the nuclei we use 
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is an eigenfunction, U,, an eigenvalue with quantum numbers designated 
collectively as m. We then set up arbitrarily the following wave equation 
for a function F,,. , of r: 


a°F m3 ‘dr? + a (Es = U a )F mm .t = 0 


” » / » (6) 
K° = 8r°M/h’ 


where J/ is the reduced mass, # Planck’s constant E,,,, an eigenvalue of 
(6), U, being the eigenvalue (a function of r) previously found from (5). 


instead of the six rectangular coordinates, the three coordinates of the center of gravity of the 
nuclei, the two coordinates ¢ and @ giving the direction of the line joining the nuclei, and r. 
The coordinates of the center of gravity of the two nuclei are counted among the electronic and 
rotational coordinates. Now if r is so large that interaction between the two atoms forming the 
molecule is negligible (a case which will later be of importance) then the potential energy func- 
tion for any given ¢ and @ will depend on x;—arl, y;—arm, 2;—arn, x.—arl, +++ , where 1, m, 
and » are the direction cosines of the line joining the nuclei, a is a constant depending on the 
relative masses of the two nuclei and on which nucleus the electron in question is (a7 being the 
distance to the given nucleus from the center of gravity of the nuclei), and x,y12);%2, +++, are 
the coordinates of the electrons, and also on the coordinates of the center of gravity of the 
nuclei, but not otherwise on 7 than as noted above, provided the coordinates of the system have 
values at all probable. Therefore the eigen-function ©,, will depend upon r only in like manner. 
From this we see that any function of ©,, and its derivatives when integrated over all coordi- 
nates except 7, ¢, @ will very approximately be independent of r. For we can always substitute 
the variables x,—arl for the original variables, and d(x,;— al) for dx; for constant r. Further 
integration over ¢ and @ of course leaves the expression independent of r. 

Note added in proof: Since Footnote 8 may not be clear it may be well to explain it in 
more detail. The reason that @,, involves r only in the form x, —ar/ when r is large is as follows. 
A partial differentiation with respect to x, is the same as a partial differentiation with respect 
to x:—arl. So if in finding our eigenfunction we first hold ¢ and @ fixed as well as r we get an 
eigenfunction depending only on x,—arl, etc., and the coordinates of the center of gravity of 
the nuclei. We call this eigenfunction N and will omit subscripts. _For the dependence on 
¢ and @ we multiply by a spherical harmonic, ¥. The NY form a complete orthogonal set in 
terms of which the @,, can be expanded. The perturbation matrix components are found in 
much the same way as the others (7,,; and v,¢) in this paper, and are due to the fact that the 
terms 


1 0 . fa) 1 a 
ere sin 6 — DP ee ee 
r> sin? @ 00 00 r° sin® @ d¢° 
in the Hamiltonian must operate on the whole expression NY instead of just on Y, since / 
m, and n which are involved in N depend on ¢ and @. We have 


ON /00 = — ar (Al/09) AN. A(x, — earl), 


and correspondingly for the second derivative, etc. Wherever the second partial derivatives 
of N with respect to x; —arl, etc., occur a factor r* cancels the r~ in the perturbation operator, 
and subsequent integration over x, etc., removes the dependence on r in the way discussed 
near the end of footnote 8. The terms in a perturbation matrix component involving only a 
first derivative of N will contain r to the minus first power, hence will be small for large r. 
Therefore, for large r, the coefficients of the of N Y’s in the expression for ©,, will not involve 
r and @,, will depend on r only as stated. 

Another remark we should like to make is this. The coordinates of the actual distance of 
an electron to its nucleus (if Xo, etc., are the coordinates of the center of gravity of the nuclei) 
are x:—arl— Xp» and the potential energy depends more directly on this quantity than on 
x,—arl, but this does not matter for our purposes. 
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As the unperturbed eigenfunction we use ©,,F,,,/7. This is the usual pro- 
cedure for molecules, it being generally conceded that it gives the energy 
levels of molecules to a good approximation. 

The unperturbed eigenfunction obviously obeys the equatio.: 


(Fins r)(Hoe—U,)On—k 2(6.,. r)d"F yy dr*—(©,, r)( Ema U mF mk = 0 (7) 


Since //, and E,,,;, and U,,, contain no derivatives with respect to r we may 
write 


He(Onk m1 r) ly 210), r)d“F m1 d°r a En tlk mi r) _ 0 (8) 


The actual Hamiltonian for the system, however, is 


0° 2a 
H = He - c(< am <), (9) 
or? r or 


The actual wave equation, therefore, if it operates on ©,,Fn,./r contains 


the extra terms!'® 


— «2 [(Frx/1)(8°On/dr?) + (2/r)(8O»/Or)(di'm,x/dr)}. (10) 


Now to get the real solution of the wave equation we can expand in terms 
of the O,,F,,,./r which form an orthogonal set.'°. Wecan treat the 0,,Fm,%/7r 
as solutions of equations like (8) and use the extra terms in setting up a 
perturbation matrix, (10) being considered as the result of an operator acting 
in a special way on ©,,F,, %/r. 

Now in the case of predissociation we expand the perturbed eigenfunction 
in terms of a ©,,F,.,/r belonging to a discrete state,!' which we will call 
simply a, and a set of continuous ones, which belong to another electronic 
level, and which we designate as ©,F..;/7 where 7 runs over the set of con- 
tinuous states. It is to be noted that the continuous property arises from 
the F.,,;’s, as ©. for all r’s is a discrete eigenfunction of (5). 

The perturbed eigenfunction, y’, may thus be written as a linear func- 
tion of the unperturbed, thus:™ 


vn! = Saba t+ Oc > Sinkc.s/1. (11) 


For large values of r the first term of (11) gives no appreciable contri- 
bution, hence for this case 


Vn’ = ©. DiS ink ei , = 0.F ,’ r (12) 


® Born and Oppenheimer, Ann. d. Physik 84, 457 (1927). 

10 Perturbations of this nature were first set up in practically this form by Slater, Proc. 
Nat. Acad. Sci. 13, 423 (1927), which should be seen for details. Our formulation differs only in 
that we have put the 7 part of the eigenfunction in the form F,,,,/r. 

1! Only one discrete state is to be considered, for we assume as throughout that any other 
discrete states which interact with the set of continuous states we are interested in are so far 
away in the term spectrum that their effect may be neglected. Also, of course we consider that 
the given discrete state interacts with only one set of continuous ones. See (I) pp. 751-2. 

2 (1), Eq. (29) It has been, unfortunately, necessary to change the notation somewhat. 
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where F,’=)_;S;,F.,;. The perturbed wave equation may be written 


(H — E,')y,' = 0 (13) 


~ 


where E,, is the corresponding eigenvalue. 
This gives, for large r, using (9) and (12) 


Hel(O.F,! /r) — «6 2(0./n) af, /dr*? — EOF! /r) — «UF, / 1) 8?0./dr? 
— «-*(2/r)(00./dr)(dF,'/dr) = 0. (14) 


We now proceed to reduce (14) to an equation in F,’. To do this we 
first multiply through by r, then by ©. and integrate over all values of the 
electronic and rotational coordinates. (We call the volume element d7r’.) 
We remember that /0.//,0.dr’=U. and note that™ 2/0,(00,/dr)dr’ = 
[(002/dr)dt’ = (d/dr) {0 2dr' =d1/dr =0, since the 0,, are an orthogonal set. 
Further we set «?/0.(0°0, /dr?)dr’=I.. Eq. (14) thus becomes 


@F,!/dr? + P(E,’ +1. -— UDF,’ = 0 (15) 


For large distances, », the integral 7. must be independent of r, because 
for large distances r the molecule is separated into atoms which do not 
interact appreciably. ©, will always be affected the same way by a dis- 
placement, dr, regardless of what 7 is, provided it is large enough (see foot- 
note 8). Eq. (15) shows us that F,’ satisfies a wave equation of the usual 
itvpe for a problem of one degree of freedom, and hence is a sinusoidal 
function of the usual type. 


CONCERNING THE PERTURBATION MATRIX AND THE PERTURBATION PROBLEM 


Before we proceed further we must introduce some considerations about 
the perturbation matrix. The diagonal matrix component for a given con- 
tinuous state is by (10) remembering that the 7 part of the volume element 
is rdr (we substitute c for m in (10)—also we write s for k to correspond 
to the notation used in previous papers—unfortunately we cannot make 
the correspondence complete, as in this paper it has been necessary to use 
two subscripts) : 


Vs = — ey Fetdr [ 00°. Or?) dr’ 
0 
_ mw? f Oe! SF aryar f ©.(d0./dr)dr’ 
0 


For the method of setting up this expression Slater’s article!® can be consulted. 
The last term vanishes since /0.(00./dr)dr’ =0 as noted above. Remember- 
ing the definition of J. we find 


x 
ss a i) F, el dr ° 
Q 


wn 


13 Kronig, I. c., p. 355, 
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Now 7, approaches a constant value for large r.. Let us call this value J... 
Then /.=/.'+J]. where J.’ differs from zero only for small 7, and there 
will be of the order of 7.,.. From the orthogonal properties of the F.,. we 


see that 
i. ==> } F..71 ‘dr — Fe (16) 


In similar manner, for two different continuous states s and ¢ belonging 
to the same electronic-rotational state c, we get, remembering the orthog- 


onal properties of the F 


Therefore the contributions to v7. come from a range in which ¢ is small, 
and our previous deductions that 7, is small enough to be neglected are 
valid. The same deductions hold for the first term of the right of (16). 
Hence, very approximately 


The method of handling cases where v,, is not small has already been in- 
dicated.“ In fact, it consists simply in adding v,, (which is practically inde- 


pendent of s) to the corresponding energy E.,, and proceeding exactly as 
before. Now suppose instead of (6) we write (for the case m=c and k=s) 


d°F..../dr* + x( Eg — Ue — tss)F ee = 0 (18) 


Then E.,.+2,, takes the place of E.,, (m=c, k=s) as eigenvalue in 
Eq. (6). We could therefore take (18) as the unperturbed equation for the 
electronic-rotational state c, and otherwise disregard 7v,;. This is the most 
convenient way of handling the problem, for the relations between the eigen- 
values of (18) and the perturbed eigenvalues £,,’ will be just the same as 
the relation between the eigenvalues of (6) and the E,,’ would have been were 
Ys, actually 0, and this relationship has been deduced in the previous work. 

The relationship is as follows. Between every two eigenvalues of (18) 
lies a value E,’. Let us denote as E,., the eigenvalue of (18) which is 
just above the particular value E,’. Then from the original definition™ 
of the quantity 8 which appeared earlier in the paper 


E.n — E,’ = B+ 6/2. (19) 


THE WAVE PACKET FOR THE DISSOCIATING MOLECULES 


Now it has been shown" that the wave packet for the dissociation from 
the discrete state into the overlying continuum is given by 


4 (1), Appendix I. Correction, Phys. Rev. 34, 1462. 


% (I), p. 755. 
16 Rice, Phys. Rev. 34, 1451 (1929), 
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y= nS dnWn exp (— 2riE,'t/h) (20) 


where Sz, =K/v.a. For values of r large compared to atomic sizes, we have 
from (12), (4), and (20) 


©). F,’ exp (— 2miE,’t/h) 
y — n en - Beg Ener ean 1 Ea a ( 21 ) 
Weal [1 + 4(£,’ — E,)? w? |1/2 





We shall now find the relation between the F,’ and the eigenfunctions 
F.., of Eq. (18). The latter may be written in the following form for large r 


. a . , \1/2. = 4% 
Fe. = sin ,K(E.,. — Uc — 046)'*r + $5 (22) 


where ¢, is a phase constant. The condition that F.,,=0 at r=7, where 7; 
is the largest value 7 can take (the system being in a box) requires 

sin {x(E... — Ue — ves)'/2n1 + &} = 0. (23) 
But the quantum condition in the neighborhood of r=0 requires that ¢, 
should be the same” for all s. At any rate this will be practically true over 
a range of energies greater than the small breadth, w, of the broadened dis- 
crete state It would always be exactly true if U. were constant for small r, 
as well as large, (i.e. if (22) actually held for small 7), and the smallest value 
r could take were 0. Now since F,,’ obeys the equation (15) we have for large r 


F,’ = sin {x(E,’ — U. — ves)? + &n'f (24) 
F,,’ must be 0 at r=”, so 
sin \K(E,’ — U, — %%3)'/?@r7, + oe = 0 (25) 
Eq. (25) will obviously be satisfied if 
Sn) = Fo + (Ben — Uc — 044)'!2r — w( En’ — Ul — O44)! (26) 
(see Eq. (23) and see also just before Eq. (19) for definition of E.,,.). Now 
as the difference between the quantities (Z.,,—U.—v,,)!* and (£,’—U.- 


D) 


—v,,)'/* is very small'® we may write it as 3(E.,,—En’) (Ec, x -Uc—ts.)” 
or, by (19) as 3(B+e€/2) (E..n—U-—v.5)"17. Now €=2m« (EF, .—U. 
—v,5,)'r,-'. So we see that 


on! = fo + wB/e+ 2/2 =f, + 9/2 4+ tan“ {(E,! — Ejle/re a} 
=f. + 9/2 + tan {2(E,’ — E,)/w} (27) 


by (3) and remembering that w=2z7v,,?/e. We thus get an expression for 
 / ° . . 7 
¢, which can be used in evaluating F,’. Now 


sin{x+tan-'y! =(sin x+ycos x) (1+y?)7"?. 
t 23 J 


17 Or differ only by multiples of . We can choose that they should be all the same. 
18 It may be made as small as we please by making 1; large. 
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Using this formula we get from (24), (27), and (21) 


y e-) >. 
— ee 
WE HU He)! tet 2b 4+ [2B Ey) we Joos} wh U.—0) tr +o,4+m/2} lexp(— 27k, ty. 
1+ 44 I 


The sum over ” can be converted to an integral with respect to £E,,’, 


and then, except for the factor 1/7, which merely means that here we have 
taken all three dimensions of space into account, and so have a spherical 
wave, the part which involves ~ has exactly the same form as Eq. (23) of 
the preceding paper. We thus have a wave of dissociating particles of 
exactly the same type as before, with exponential decrement with time 
bearing the same relation to the width of the discrete state, in fact the same 
in all details. There is thus a complete analogy in results between these two 
different types of decompositions. Also the part of the wave for small r 
can be handled as in the preceding paper, since for small 7 the eigenfunctions 
will not vary appreciably over a small range of energies. 

I wish to express my thanks to Professor Heisenberg for his interest 
in this work, and helpful discussion. 
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CONCERNING THE ABSORPTION METHOD OF INVESTIGATING 
B-PARTICLES OF HIGH ENERGY: THE MAXIMUM 
ENERGY OF THE PRIMARY 8-PARTICLES OF 
MESOTHORIUM 2. 


By N. FEATHER* 
PuysicaL LABORATORY, JOHNS HopkKINS UNIVERSITY, BALTIMORE 
(Received April 30, 1930) 
ABSTRACT 
For the primary 8-particles of radium C, radium E and mesothorium 2 the maxi- 
mum effective mass range, R, has been determined in paper and aluminum by the 
method of Chalmers. In the two former cases the maximum energy of the particles, E, 
is known, and these results and earlier data lead to the relation 
R=0.511E —0.091 
for E>0.7. Here R is measured in grams/cm? and E in millions of electron volts. 
For mesothorium 2, R=0.955 +0.015 gm/cm?, so that the maximum energy of the 
particles is 2.05 +0.03 X 10° electron volts. Reasons are advanced for employing the 
empirical relation above quoted rather than results obtained with particles of a single 
velocity, as in the experiments of Varder and Madgwick, in the interpretation of 
absorption measurements made upon primary 8-particles. 


INTRODUCTION 


HE earliest recognition of the emission of two distinct types of corpuscular 

radiation from radioactive material followed immediately upon the adop- 
tion of absorption methods of investigation; continuously throughout the 
development of the subject these methods have been applied afresh in the study 
of the radiations from the 8-ray bodies. Beyond a general qualitative analysis, 
however, they provide little information which admits of easy interpretation. 
We now know, for example, that exponential absorption reflects no funda- 
mental property of the different natural radiations—and, in consequence, 
exponential absorption coefficients have lost much of their significance. More- 
over most of the early work was directed toward their determination. 

And yet, despite this indefiniteness, absorption measurements do provide, 
simply and without ambiguity, the maximum effective range, in the medium 
employed, of the particles submitted to analysis. Now it is of considerable 
interest to determine the maximum energy appearing as kinetic energy in 
each of the cases of 8-particle disintegration and it is evident that absorption 
measurements make this determination possible when the necessary data 
relating effective range with the energy of the particle are available. Such 
data in fact exist, and already the method has been applied to the 8-ray bodies 
of the active deposit of thorium by Chalmers! and to those of the active 


* Fellow of Trinity College, Cambridge; Associate in Physics, Johns Hopkins University. 
1 Chalmers, Proc. Camb. Phil. Soc. 25, 331 (1929). 
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deposit of actinium by Sargent. But the data in question, upon which the 
interpretation of these experiments depends, in themselves are ambiguous: 
the ranges in aluminum given by Madgwick’ are more than 10 percent greater 
than the corresponding ranges as determined by Varder.‘ 

Eddy® has recently made a more detailed study of the absorption of 6- 
particles of somewhat less energy than those with which we are here chiefly 
concerned and has concluded that the discrepancies between the results of 
Varder and Madgwick are to a large extent due to the different arrangements 
of ionization chamber which these authors employed. This conclusion, coupled 
with the fact that the conditions obtaining in absorption measurements on the 
complete natural radiations are quite different from those effective in the two 
investigations under discussion, makes a review of the precise relevance of the 
data of Varder and Madgwick to the present problem of considerable interest. 
The results of each investigator show that the effective range isalinear function 
of the energy of the particle for values of the energy greater than 0.65 million 
electron volts, or formally 


R=aE+b (1) 


for E>0.65 (million electron volts). Varder’s data for aluminum are best 
represented by a=0.469, b= —0.071, R being expressed in grams/cm’?; Madg- 
wick’s figures by a=0.552, b= —0.097. It is to be expected that a similar 
relation must apply to the conditions of experiment in the primary 8-particle 
case also, but it should be pointed out that the relation in question no longer 
connects the effective range with the energy for particles initially homogene- 
ous in velocity, but rather it relates the maximum effective range with the 
maximum energy when particles of continuously varying energy are present. 
It is very probable that this circumstance makes the determination of the 
effective range more independent of the conditions than it appears to be in the 
case of particles of a single velocity,® but obviously it cannot result otherwise 
than that the maximum effective range which is measured should be deter- 
mined by the highest energy particles present in the beam. Nevertheless 
there is no simple reason for believing this range to be precisely the same as the 
effective range determined by extrapolation from the absorption curve taken 
under any arbitrary conditions with 8-particles of that unique limiting velocity. 
For the purposes of interpretation of experiments performed upon the full 
natural 8-radiation from different substances we ought in preference to employ 
a calibration curve determined under closely comparable conditions. Such a 
curve may be obtained by applying the absorption method to the determina- 
tion of the maximum effective range of the 8-particles from bodies which have 
already been studied in greater detail by the method of magnetic spectroscopy. 

2 Sargent, Proc. Camb. Phil. Soc. 25, 514 (1929). 

3 Madgwick, Proc. Camb. Phil. Soc. 23, 970 (1927). 

4 Varder, Phil. Mag. 29, 725 (1915). 

5 Eddy, Proc. Camb. Phil. Soc. 25, 50 (1929). 

6 A necessary condition for the truth of this statement is that the continuous spectrum of 
velocities should have a sharply defined upper limit. This seems to be the case: cf. Chalmers, 
reference 1, p. 337, Gurney, reference 9, p. 549. 
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The experiments of Chalmers' and Gurney’ provide the first point on such a 
curve. Chalmers fixed the maximum effective range of the 6-particles of thor- 
ium C at 0.98 gm/cm? of aluminum whilst Gurney showed that the maximum 
energy of the particles was 2.18 X 10° electron volts. The first portion of the 
present work is devoted to the determination of the maximum effective range 
of the radium E §-particles and of those of radium C. The limiting energies to 
which these ranges correspond are known from the measurements of Madg- 
wick,’ and Gurney,’ respectively. Then two more points are added to the curve 
and the most probable values of the constants a and 0 of Eq. (1) may be deter- 
mined. 

The second part of the work consists in a similar absorption experiment 
upon the primary§-particles of mesothorium 2 and the newly determined range- 
energy relation makes possible its interpretation. 


GENERAL EXPERIMENTAL ARRANGEMENT 


The 8-ray electroscope used in all the measurements consisted of a gold 
leaf system suspended in the usual manner at the center of a cubical aluminum 
case of 11 cm edge and 3 mm thickness of wall. In the base of the electroscope 
a hole 7.5 cm square was closed with aluminum foil weighing 6.5 mg/cm*. The 
electroscope was supported on a wooden stand with a space of 24 cm between 
its base and the surface of the bench. A wooden slide could be inserted in vari- 
ous positions below the base of the instrument. This slide carried both the 
active material and the absorbing foils. The former was placed at the bottom 
of a shallow cylindrical hole (depth 1.1 cm, diameter 3.2 cm) cut in the sltde 
and the latter, in the form of sheets 5 cm square, were placed upon the slide so as 
to cover the hole symmetrically. In most cases the slide was inserted in the 
highest position, and in these circumstances the source was about 3.5 cm 
below the base of the electroscope. In all the experiments the decay of the 
source and the varying density of the air in the electroscope were corrected 
for by making frequent measurements under standard conditions of absorp- 
tion. In general the mean of ten independent observations was obtained for 
each point plotted on an absorption curve. Adopting this routine it was not 
found necessary to employ a magnetic field to separate 8- and y- ray effects, 
even in the case of radium C where the latter effect is very pronounced, and 
indeed it is the writer’s opinion that the avoidance of such a method is much to 
be preferred whenever that is possible, for it is difficult to estimate the effect of 
the stray magnetic field on the y-ray ionization in the electroscope in any of 
the simpler experimental arrangements that have been used. 


EXPERIMENTAL RESULTs. PArtT I 


Radium E. Madgwick® has determined the upper limit of the continuous 
spectrum of the 6-particles of radium E as 1.07 X10° electron volts energy. 
This is the datum with which our range measurements are to be combined. 


7 Gurney, Proc. Roy. Soc. 112A, 380 (1926). 
8 Madgwick, Proc. Camb. Phil. Soc. 23, 982 (1927). 
* Gurney, Proc. Roy. Soc. 109A, 540 (1925). 
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Absorption methods have, in fact, already been applied to the determination 
of the range in this case. In 1912 Gray '° first pointed out!! the phenomenon of 
an end point to the 8-particle absorption with a source of radium E. His 
measurements lead to an effective mass range between 0.45 and 0.49 gm/cm? of 
paper. Douglas’ extended the measurements to other absorbing media and 
gave 0.474 and 0.460 gm, cm®* for the effective ranges in paper and aluminum 
respectively. But the sources employed were weak and the logarithmic 
method of extrapolation was used to fix the range. It was thought worth- 
while to repeat the determinations with a stronger source employing the 
method of simple extrapolation of Chalmers. This method has been adopted 
as standard throughout. 

The results are shown in Fig. 1. They refer to a source of radium D, E and 
Fin equilibrium" deposited by evaporation ona small platinum dish. The 
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Fig. 1. Radium E, 


weight of deposit, more than 1 cm? in extent, was a few milligrams only. Un- 
whitened paper was used as absorber and the maximum effective mass range 
in this medium may be taken as 0.475 + 0.005 gm/cm*. 

A simple experiment was also made upon the radiation unabsorbed by 
this thickness of material. The source was covered with sheets of paper repre- 


10 Gray, Proc. Roy. Soc. 87A, 487 (1912); Trans. Roy. Soc. Canada 16 ITT, 125 (1922). 

1! The end point is clearly shown in absorption curves published by Schmidt in 1907 
(Phys. Zeits. 8, 362 (1907) ). 

2 Douglas, Trans. Roy. Soc. Canada, 16 ITI, 113 (1922). 

13 Absorption measurements by Aston (Proc. Camb. Phil. Soc. 23, 935, (1927) ) and by 
Fournier and Guillot (Comptes rendus 189, 1079 (1929) ) also have reference to a region 
including the 8-particle end point but, being concerned chiefly with the weak y-radiation, per- 
mit of no accurate range values being drawn from them. 

14 The writer wishes to thank Dr, C. F. Burnam of the Kelly Hospital, Baltimore, for a 
supply of old radon tubes from which this material was extracted. 
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senting (together with the air gap and the base of the electroscope) 0.499 gm/ 
cm? of absorber. Aluminum foils were then added and the further progress of 
the absorption followed. The curve B, Fig. 1, exhibits these results, the log- 
arithm of the corrected ionization being plotted against the foil thickness. 
Curve A represents the parallel case where the absorption was in paper throug- 
out. A mass absorption coefficient of 2.3 cm?/gm is a sufficiently good approxi- 
mation here; the initial absorption in aluminum, however, is roughly five 
times as great, for equal mass of absorber. This is what we should expect if the 
absorption were chiefly photoelectric, and the numerical values also suggest 
that the effective radiation is for the most part the very soft component, 
probably the L.X-radiation of radium D, for which a mass absorption coeffi- 
cient of 16.5 cm?/gm in aluminum is accepted as correct." The smaller value 
(11.3 cm*/gm) found with the present arrangement is to be attributed largely 
to the fact that the first 0.5 gm/cm? of paper has already reduced this soft 
component to about a quarter of its original intensity, so that the influence of 
the less intense though harder components is no longer negligible. It is of 
interest to record that the last point on the curve B, representing the smallest 
ionization current involved in this series of measurements, yet represents a 
current about forty times as great as the natural leak of the electroscope 
effective at the time. 


Radium C. The primary §8-particles of this body comprise a continuous 
spectrum of energies having a sharp upper limit at 3.15 10° electron volts 
(Gurney’). On the other hand no data have hitherto been available concern- 
ing the maximum effective range of these particles as determined in the pre- 
sent type of experiment. The problem here presented is considerably more 
difficult than in the case of radium E, on account of the very great intensity of 
the y-radiation from radium C and of the rapid decay of this body. The latter 
difficulty may be overcome by using a radon tube as a §-particle source, al- 
though this procedure increases the y-ray effect, by adding the y-rays of 
radium B to those of its subsequent product. Moreover the radiation thus 
added is in general much less penetrating than the latter, and it is the softer 
components of the radiation which constitute the greater source of error. An 
attempt was made to minimise this effect in the arrangement finally adopted. 

A small glass bulb, about 3 mm in diameter, originally containing about 800 
equivalent milligrams of radon was employed as the source of 8-particles at 
the stage when its activity had fallen to a few thousandths of its initial value."® 
In this way the points of Fig. 2 were obtained. The absorbing material con- 
sisted of aluminum to the extent of 1.012 gm/cm?® placed directly over the 
source, with sheets of paper for the remainder. By using the aluminum it was 
hoped to cut down the softer components of the y-rays to reasonable propor- 
tions whilst the use of paper for the rest of the absorption was governed by 
considerations of ease of manipulation and of the sharper type of absorption 


16 Rutherford and Richardson, Phil. Mag. 26, 324 (1913). Curie and Fournier, Comptes 
rendus 176, 1301 (1923). 
16 For this material also the writer is indebted to Dr. Burnam. 
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limit thereby obtained. Moreover Chalmers failed to find any appreciable 
difference between the mass ranges of the thorium C £-particles in paper and 
aluminum. The equivalence of these materials in this respect has been assumed 
in the present experiments. The walls of the radon tube were not negligibly 
thin and an estimate of their thickness was made in two ways, by direct 
weighing, and by a subsequent absorption experiment after the lapse of a few 
weeks, when the radium E 6-particles were responsible for the greater propor- 
tion of the ionization as measured through small thicknesses.'’ The difference 
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Fig. 2. Radium C. 


between the apparent maximum effective range of these particles as determined 
with this source and in the direct experiments on radium E described above 
was attributed to absorption in the glass walls of the bulb. Both methods 
suggested an equivalent thickness of glass of 0.03 gm/cm?. So corrected the 
maximum effective mass range of the primary {8-particles of radium C in al- 
uminum or paper may be given as 1.54+0.02 gm/cm®, as indicated in the 
figure. 

The range-energy relation. The data which are to be employed in constructing 
our calibration curve are given in Table I. 


TABLE I. Data used in constructing calibration curve. 


Source of Maximum energy Maximum effective mass range 
8 particles electron volts K 1078 gm/cm? 
Rak 1.07 0.475 
ThC 2.18 0.98 
..a5 


RaC 1.54 





17 The final decay of the emanation originally contained in the bulb is responsible for the 
production of about 0.3 equivalent milligrams of radium D, E, and F. 
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Within experimental error this material is consistent with a linear relation 
such as that given by Eq. (1) and is best represented by the straight line 


R= 0.511E — 0.091 (2) 


which, by analogy with the relations of Varder and Madgwick, may probably 
be regarded as valid for values of E greater than 0.7 (million electron volts). 
It may be remarked that the present straight line occupies a position inter- 
mediate between those of Varder and Madgwick—and it may be pointed out 
that the results of Eddy occupy a similar position in the region of smaller 
energies where the curve is no longer linear. But the intention of any very 
close comparison between the present results and results having reference to 
particles of a single velocity has already been disclaimed, so that no primary 
importance is attached to this apparent agreement. Moreover, not only 
was the work of Eddy concerned with particles of a single velocity, 
but it was carried out by the method of electrical counting, providing a 
further reason for caution in its comparison with the results of ionization 
measurements. 


EXPERIMENTAL RESULTs. PArtT II 


Mesothorium 2. The 6-particles of mesothorium 2 have been studied by 
I 5 


Yovanovitch and d’Espine'® by the direct deviation method of magnetic 
spectroscopy. These authors suggest that the high energy limit of the continu- 
ous spectrum occurs in the region of 1.6 million electron volts energy. It is not 
unreasonable to suppose, from a knowledge of the general characteristics of the 
method, however, that this represents merely a lower limit to the maximum 
energy of the particles.!® 

The difficulties in the way of absortion measurements with mesothorium 
2 are similar to those obtaining with radium C: there are y-rays of considerable 
intensity and the pure substance is of fairly rapid decay. The broad scheme of 
the experiments, therefore, was first to determine an absorption curve in full 
detail with a source of mesothorium 1 and 2 in equilibrium and then to make 
confirmatory tests with a small number of selected thicknesses of absorber 
and a source of pure mesothorium 2, in order to be certain that the main 
features of the former curve, in the region of the 8-particle end point at least, 
were due to the latter body alone. 

A solution of mesothorium 1, freed from radiothorium by repeated pre- 
cipitation with iron, and from a large fraction of the ammonium chloride 
which accumulates as a result of such operations, was allowed to stand so that 
the thorium X should decay. Being neutralized the solution was electrolysed 


7 99 


with platinum anode and silver cathode at a temperature of about 90°C. 

18 Yovanovitch and d’Espine, J. de Physique. 8, 276 (1927). 

19 For a constant value of the field the dispersion decreases rapidly as the energy of the 
particles increases, and this, together with the peculiarities of photographic registration, must 
necessarily introduce considerable distortion. Both in the case of the primary 8-particles of 
radium C and for those of radium E this method has given too low a value for the maximum 
energy (2.74 X 10® electron volts in't he former case and 0.94 X 10° in the latter), 

20 Meitner, Phys. Zeits. 12, 1097 (1911). 
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Mesothorium 1 and 2 were obtained together, the latter in about 90 percent of 
its equilibrium amount. The silver plate (about 2 cm®* in area), carrying the 
deposit on one surface only, was enclosed in an airtight container to prevent 
the diffusion of emanation. A thin sheet of mica was employed for the upper 
face of the vessel which fitted neatly in the whole cut in the electroscope slide 
already described. Since originally the mesothorium was extracted directly 
from monazite, radium was known to be present as “impurity.” But the 
duration of the previous heat treatment of the solution, and of the electro- 
lysis, was such that immediately after its preparation the 6-particle source 
could be regarded as free from all contamination except by radium element 
itself. Provided, therefore, that measurements were carried out within the 
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Fig. 3. Mesothorium 2. 





first 24 hours after the source was prepared they were unlikely to be seriously 
affected by the growing 6-particle activity arising from the active deposit of 
radium. 

The results of measurements with this source are shown in Fig. 3, the last 
measurement being completed 22 1/2 hours after the source was obtained on 
the plate. As in the experiment on radium C roughly the first two-thirds of 
the absorption was in aluminum—a thickness of 0.646 gm/cm? of this metal 
being succeeded by sheets of paper. In an attempt to detect any possible 
effect of the gradual building up of radium C in the source during the period of 
observation measurements were made in the following order, namely through 

















MAXIMUM ENERGY OF BETA-PARTICLES 1567 


sheets of paper, in turn. This sequence was, of course, interrupted periodically 
to permit of measurements with a standard absorber in place. It will be seen 
from the figure that no such effect as was sought was observed.”! In this way 
the 6-particle end point was fixed at 0.955+0.015 gm/cm* and it only re- 
mained to confirm its identification with the maximum effective mass range 
of the primary 8-particles of mesothorium 2 by an independent experiment. 

A source of mesothorium 2 was prepared in the usual manner by precipita- 
tion with a trace of iron from a solution containing mesothorium 1 and 2 in 
equilibrium. Three thicknesses of absorber, corresponding respectively to the 
first and last points in Fig. 3 and to the point nearest the absorption discon- 
tinuity, were chosen and two sets of measurements made, separated in time by 
about 3 1/2 hours. Table II contains the results. 


TABLE II. Results 


Thickness of absorber Relative ionizations 


gm /cm? (1) (2) 
0.660 1.000 1.000 
0.952 0.867 0.870 
1.241 0.825 0.824 


The decay of activity, corresponding to a half period of 6.4 hours, showed that 
the source was sufficiently pure for the test to be conclusive, and the figures 
given, when compared with the values 1.000, 0.868, 0.812 read directly from 
the curve, establish the identity which was in question. The exact agreement 
in the second instance is probably fortuitous but it is obvious first of all that no 
appreciable amount of unrecognized radioactive impurity was present in 
the orginal source, and secondly that any y-rays emitted by mesothorium 1 
were of little or no consequence in the measurements made with that source. 

Inserting the value 0.955 gm, cm? for Rin Eq. (2) we have £ = 2.05 million 
electron volts and consequently, as the result of these experiments, may adopt 
this as the most probable value for the maximum energy of the primary {- 
particles of mesothorium 2. As was pointed out earlier in the discussion, a 
value considerably in excess of that given by Yovanovitch and d’Espine was 
almost to be expected. 

Finally, in addition to acknowledgements already made, the writer wishes 
to record his appreciation of help received from the Rumford Fund of the 
American Academy of Arts and Sciences, a grant from which made possible the 
purchase of the mesothorium employed in these researches. 


21 Further measurements were made on the source at three different absorptions within the 
range of the figure after 4 and 10 days, respectively. Also a rough absorption curve extending 
over this range was determined for a source of radium B+C in equilibrium. All the measure- 
ments could be explained simply by assuming that 8.7 percent of the ionization through 0.66 
gm/cm? of aluminum at the end of 4 days, and 17.0 percent at the end of 10 days, was due to 
the Band y-rays of radium B+C which had grown in the interim. 
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THE MOTION OF ELECTRONS IN CARBON MONOXIDE 


By. H. B. WaAHLIN 
DEPARTMENT OF Puysics, UNIVERSITY OF WISCONSIN 
(Received May 5, 1930) 


ABSTRACT 

With the same data as were presented in an earlier paper it is shown that K. T. 
Compton's theory of electron mobilities holds within the limits of experimental 
error for high pressures and low fields, provided it is assumed that the energy loss of 
the electrons on impact with the molecules is greater than that due to momentum 
transfer. 

The electron mean free path in CO has been calculated and, when the electrons 
are in thermal equilibrium with the gas, is 0.069 cm at a pressure of 1 mm. 


I 


N AN earlier paper! it was shown that the mobility of electrons in CO 
can be represented as a function of the field strength and the pressure by 
an equation of the form 


u= ——_—__—_—_— 


P(B + x/p)'” 
with a high degree of accuracy. It is only for low fields that a systematic 
deviation from this equation appears. 
Later, K. T. Compton? showed that from theoretical considerations, the 
mobility should be given by 


0.815ed 


m'!2laT + (a?T? + 1. 76d2e2x2/f)!/2]1/2 (1) 

That this equation is applicable to the mobility of electrons in Hz and He 
(at least for low fields and high pressures) has been shown by the writer.® 

It was in order to test the validity of the Compton equation when ap- 
plied to CO that the calculations submitted herewith were undertaken. The 
data are the same as were used in the earlier paper. 

The method used in obtaining the data was the Rutherford alternating 
potential one for determining mobilities and has been described in detail 
earlier.- 

The Compton equation may be written in the form 


a 





ae ws 
[1 + (1 + Bx2)2}12 





' H. B. Wahlin, Phys. Rev. 21, 517 (1923). 
2 K. T. Compton, Phys. Rev. 22, 333 (1923). 
3 H. B. Wahlin, Phys. Rev. 27, 558 (1926). 
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If the electron is moving under the action of a sine wave alternating field 
the velocity in the direction of the field at any instant is, according to this 
equation, 


dy aX sin 2rnt 


dt (1 + (1 + BX? sin® 2rnt)! ab : 
Imposing the condition that during one half cycle of the alternating field the 
electrons shall travel a distance d (the distance between the plates in the 
Rutherford method) we get on reducing the elliptic integral obtained and 
solving for 
a(2r)'/? 


n = ————2/E(k,o) — F(k,¢) (2) 
mwd( B)*!? ' | 


r+ 1\!/" r— 1\!/2 
(BX? + 1)'?, k= (H —) , o=sin (—) 
2r r+ 1 


and X is the peak value of the field corresponding to the voltage intercept 
of the mobility curves. 

This equation may be verified directly with the data at hand. 

Placing A = 16,800 and B=0.005 it is seen that at a pressure of 722 mm 
good agreement between the experimental results and the theoretical curve 


where +r 








Fig. 1. 


calculated from Eq. (2) is obtained. (Fig. 1). Here the points are experi- 
mental and show the relation between the frequency and the effective value 
of the field. 

Fig. 2 shows the comparison between theory and experiment for a pres- 
sure of 500 mm. Here A and B have been corrected for the change in A 
with pressure, assuming that A varies inversely as the pressure. 

At a pressure of 250 mm the agreement is good for low fields (Fig. 3). 
In fields above 35 volts/cm a systematic deviation appears—viz. the mobility 
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decreases more rapidly with field strength than is to be expected on the basis 
of the theory. This deviation is best ascribed to the beginning of the Ram- 
sauer effect. 
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A comparison of theory and experiment may also be made as follows. 
If it is assumed that the mobility is independent of the field strength, it is 
possible to calculate the mobility from the relation 

k = nd? 2°20 

where is the frequency, d the distance between the plates, and V the r.m.s. 
value of the alternating voltage of the intercept of the mobility curves. 

The value calculated from this equation for the case of electrons will be 
an average mobility defined so that the average velocity with a mobility 
shall be the same as the average velocity determined from Compton's equa- 
tion. This may be written 


sd Mk = =6=6— aren aX sin 2rntdt 
| dy = | kX sin 2rutdt = - ——_—_—_———_-- 
° J 0 [1+ U1 + BN? sin? 2nt)'/2]!/2 


Integrating and solving for k we get 

a(2r)''* 

k= — |2E(k,o) — F(R.) J. 

X(B)!? 

Here r, k, 6 and X have the same significance as in Eq. 2 above. 
Fig. 4 shows the relation between the theoretical and experimental values 

of k at a pressure of 722 mm. In plotting the curve the same values of A 
and B were used as in the calculation of n. 
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II 


The limiting mobility for zero field will be given by «=A /2'*. Substitut- 
ing the known value of A in this equation, the limiting mobility found is 
11,900 cm sec volt, cm, at a pressure of 722 mm. 

From this value of « the electron free path may be calculated using the 
theoretical relation «=0.75e\/mé. The value thus calculated, placing 
€= 1.065 X10* cm sec (the thermal electron velocity at room temperature), 
is 0.069 cm at a pressure of 1 mm. 

This value is 1.75 times the value calculated from the kinetic theory 
molecular free path, assuming the electron free path to be 4(2)' the molecular 
one. It is also 1.68 times the electron free path in He, whereas the kinetic 
theory prediction is that it should be less. It seems impossible therefore to 
apply molecular free path data to the calculation of electron free paths. 
This is also borne out by the results on Ne‘ in which it was found that the 
electron free path is 2.55 times the predicted value. 


Ill 


The value of B used in the calculations above is much smaller than the 
value calculated on the assumption that the impacts of the electrons with 
the molecules are elastic. For this case the expression for B becomes 

1.76? M 
B = ———— 
2a? T*m 
assuming f=2m, .\J where m is the electronic and J the molecular mass. 
This expression gives 


I 


~ >) 
II 
~ 

Ce 


whereas the value found above is 0.005. 

On the basis of Compton's theory one must conclude one of two things: 
Either the electrons do not reach their terminal thermal energy under the 
action of a sine wave field, or the fraction of its energy that an electron loses 
on impact with a CO molecule is greater than it would be if the loss were due 
to momentum transfer only. In the case of N. and He referred to above, it 
was shown that any error due to a non-terminal state is negligible, and it 
seems reasonable to conclude that this will also be the case for CO. The 
second alternative is therefore the more probable. 


4H. B. Wahlin, Phys. Rev. 23, 169 (1924). 
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THE MAGNETIC SUSCEPTIBILITY OF GASES 
I. PRESSURE DEPENDENCE 
By FRaANcis Birrer* 
NORMAN BrRipGE LABORATORY OF PHyYsics, PASADENA, CALIFORNIA 
(Received April 28, 1930) 


ABSTRACT 
A method is described for measuring the magnetic susceptibility of gases which 
has certain advantages over those used by previous observers. With such an appara- 
tus, it is found that the volume susceptibility of CO., Ne and Hz, is proportional to 
the pressure. Deviations from proportionality of the type observed by Glaser are 
found in*the above gases upon introducing water vapor as an impurity in amounts 
probably less than a few hundredths of a percent. 


N ATTEMPTING to interpret the results of magnetic observations on 

matter, it is difficult to determine what effects are due to the molecules 
themselves, and what due to their interaction with each other. Because of 
this, results obtained with gases may be interpreted with most confidence, 
since in this case, isolated molecules without interaction are most nearly ap- 
proximated. The fundamental quantity to be observed is A, the volume 
susceptibility, which measures the average induced moment per cc. Classi- 
cal mechanics and quantum theory agree in predicting 


ad p 
( — + i) (1) 
T T 


K = cb. (2) 


d 


iN 


\| 


or 


a is a positive constant which is zero if there is no permanent magnetic 
moment in the molecule, and 0} is a negative! constant which measures the 
distribution of electric charge in the molecule. The experiments described 
below were undertaken to check Eq. (2). In a future communication I hope 
to take up the absolute values of the constants a and b, and their interpreta- 
tion for various gases. 

The proportionality between the volume susceptibility and the pressure 
must be established before any interpretation of the constants a and b can 
be undertaken as it is equivalent to the statement that the molecules in a 
gas do behave as isolated units with only thermal interactions to establish 
thermodynamic equilibrium. The first attempt to verify Eq. (2) experimen- 
tally was made by Glaser?** who found that it held only for Og and atomic 


* National Research Fellow. 

1b may, for polyatomic molecules, be positive, though no such case has actually been 
observed or even suggested. See, for instance, J. H. Van Vleck, Phys. Rev. 31, 597 (1928). 

2 A. Glaser, Ann. d. Physik 75, 459 (1924). 

§ A. Glaser, Ann. d. Physik 78, 641 (1925-6). 

‘A. Glaser, Ann. d. Physik 1, 814 (1929). 
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diamagnetic gases, but that for COs, CO, Ne and He certain characteristic 
deviations occurred. Subsequently, Lehrer,®> Hammar,’ and Vaidyanathan’? :* 
repeated this work, and found no anomalies of the tvpe reported by Glaser. 
Hammar in a further paper® suggested that the effect observed by Glaser 
might be due to the absorption of water vapor on the test body by means of 
which measurements are carried out, as he once found the effect, but made 
it disappear again by renewing the P2Q,; in his cleaning train. Further Buch- 
ner'® showed that small temperature differences, if present, in the various 
parts of Glaser’s measuring apparatus, might account for the observed phe- 
nomenon. Thereupon, Glaser ina brilliant series of papers'-'’ succeeded in 
showing that by introducing small amounts (167) of O: in COs, he could pro- 
duce a mixture which satisfied Eq. (2), but that with greater concentrations 
of O: anomalies reappeared; that in all probability adsorbed water vapor on 
his test body could not produce the effects observed; and that thermal dis- 
turbances were not present in his apparatus in a sufficient degree to influence 
his observations. From these results he deduces, and this is the weak point 
in his arguments, that other observers had O2 as an impurity in their gases 
in just sufficient amounts (1°) for COz) to hide the anomaly. 

According to these papers, the relevant factors are small impurities of Oz 
and H:O. For the sake of completeness, let us add molecular orientation, 
which was first considered by Glaser himself, and two further ones whose 
influence has been tacitly neglected: excited states and ions. Molecular 
orientation in fields of the order of magnitude of those at present in use is not 
understandable on the basis of our present conception of the laws governing 
the behavior of molecules in a magnetic field, and may therefore be dismissed 
until the other possibilities are definitely disposed of. The presence of any 
radiation in the apparatus other than black-body radiation corresponding to 
the temperature of the gas under observation would destroy thermodynamic 
equilibrium and invalidate Eq. (2). As a matter of fact, excess of incoming 
radiation would produce an effect of the type observed by Glaser, though as 
nearly as one can calculate, it should be much smaller. Exact computations 
are impossible, as the electrical constitution of excited states is unknown. 
Actual observation on Ne» under various conditions of illumination ranging 
from almost complete darkness to very intense illumination of the gas be- 
tween the pole pieces of the magnet gave no effect of the order of magnitude 
of that observed by Glaser. Further, the presence of 2 mg of radium within 
a few cm of the test body (see diagram of the apparatus in Fig. 1) gave no 

> E. Lehrer, Ann. d. Physik 81, 229 (1926). 

6G. W. Hammar, Proc. Nat. Acad. Sci. 12, 594 (1926). 

7V. 1. Vaidyanathan, Ind. Journal Phys. 1, 183 (1926). 

SV. 1. Vaidyanathan, Phil. Mag. 5, 380 (1928). 

°G. W. Hammar, Proc. Nat. Acad. Sci. 12, 597 (1926). 

© H. Buchner, Ann. d. Physik 1, 40 (1929), 

"A, Glaser, Ann. d. Physik 2, 233 (1929). 

2 A. Glaser, Ann. d. Physik 3, 1119 (1929), 

'8 A. Glaser, Ann. d. Physik 4, 82 (1930). 

4 F, Bitter, Phys. Zeits. 30, 501 (1929). 
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change in the deflections of the order of magnitude of those to be cane: « 

the Glaser effect is to be explained on the basis of the anomalous +: ot 
ions which are, of course, always present unless very elaborate p.ecautions 
are taken. 

Experimentally, then, the problem reduces itself to the determination of 
the effect of small amounts of impurities. To settle this question definitely 
for all possible impurities in varying amounts in all the gases on which ob- 
servations have been made would require a very long investigation. In the 
following, I have gone only part way. The results obtained experimentally 
are that, 


(1) COz, Ne and Hs in which certainly not more than traces of H.O and 
QO. are present obey Eq. (2). 

(2) A mixture of CO, and about 11°; Os when dried as efficiently as pos- 
sible, obeys Eq. (2). 

(3) Cos, Ne and H2, when contaminated by small amounts of H.O (prob- 
ably less than a few hundredths of a percent) do not obey Eq. (2), but give 
deviations of the type observed by Glaser. 


The proof of these statements is contained in the rest of this report. As- 
suming their correctness, the present state of our knowledge concerning the 
applicability of Eq. (2) is summed up on the following statements. 

Both linearity and departure from linearity have been observed in pres- 
sure susceptibility curves on samples CQ., N. and Hz considered pure by the 
observers. The one observer, Glaser, who consistently obtains departure from 
linearity finds that linearity can be produced in CQO, by critical amounts of 
QO. impurity. He assumes that a similar effect exists for N. and Hy, and as- 
sumes that the samples used by other observers are contaminated with just 
this critical amount of impurity. Presumably, this critical amount of im- 
purity would vary from gas to gas. The above assumption is possibly applic- 
able to some observations, but it is certainly very improbable that it applies 
to all. It is certainly not applicable to the observations reported in this paper, 
since spectroscopic evidence is given that the purifying train removed all 
observable traces of O. from Ne. Further, since the purifying train removed 
QO. from No» satisfactorily, it probably did so equally well for H. and COs. 
Further, since a mixture consisting of CO, and 11° ¢ of O2 showed linearity, 
it is impossible to contend that this linearity was due to a 1°¢ Oy contamina- 
tion. This much of the evidence seems straightforward, and disposes of the 
assumption that linearity in all observations is due to a critical O, impurity. 
The interpretation of the remainder of the evidence, that the addition of 
water vapor to the above gases gives anomalous effects, is not so clear. It 
shows merely that Glaser’s results may be due to water vapor. But it is also 
conceivable that other substances might have a similar effect, and it is quite 
possible though highly improbable, that Glaser’s results are due to some still 
undetermined and unsuspected cause. Taking the evidence all in all, however 
the following conclusions seem most plausible: that dry gases and gas mix- 
tures obey Eq. (2); and that Glaser’s anomalies are due to the presence of 
water vapor in his measuring apparatus. 




















ur 
~! 
‘ 


MAGNETIC SUSCEPTIBILITY OF GASES 1 


bouid be noticed that the mechanism by which H.O influences the 
magwetic »havior of gases is by no means specified ; it need not be adsorption 
in the test body, and in the light of Glaser’s'* work probably is not. It is, 
how *ver, known that small amounts of HsO do produce anomalous effects 
in gases. (For instance, ion mobilities'®). This might suggest a clustering of 
gas molecules around H.O molecules. Further the absence of any anomaly 
in argon and neon in Glaser’s apparatus might be explained by assuming that 
these gases because of their chemical inertness do not cluster around H.O 
molecules. However, such assumptions need experimental verification, and 
further discussion at present is useless. One more fact should, however, be 
observed, and that is that Glaser’s arrangements for drying his gases are, as 
nearly as one can tell from his publications, extremely good, expecially in his 
purifying train for He, where the last unit is a liquid air trap containing char- 
coal! The only way in which any vapor could possibly contaminate this He 
is if it were introduced in transferring the gas from the cleaning train to the 
apparatus (a step which is not described in his papers) or from the walls and 
ground joints of the apparatus itself.'"© The latter is probably the only pos- 
sibility, as in order to explain the fact that Glaser can repeat his results over 
and over again, a constant source of impurities would have to be assumed. 


DESCRIPTION OF THE EXPERIMENTS 


The method used in the measurements described below is essentially that 
employed by Glaser,? Hammar? and Vaidyanathan.’ It consists in measuring 
the torque exerted by a gas on a solid body suspended in an inhomogeneous 
magnetic field. This solid body, called the test body, was constructed as 
shown in Fig. la and }. It is entirely of Pyrex glass with fused joints. At 
the bottom of a glass rod is a cylindrical vessel divided radially into four 
equal chambers. Two of these, A, had small holes in them to permit the sur- 
rounding gas to enter. The other two, B, could be sealed off. In this par- 
ticular set of experiments, they were first exhausted, and sealed at C’. Then 
C’ was dipped into liquid air, and they were sealed off at C. Above this test 
body was a small glass rod D so mounted that it could be either moved verti- 
cally or rotated horizontally around the stem of the test body. Asmall spring 
of tungsten wire was attached to hold it in place in any given position. If 
the test body with a vacuum in all four quadrants, is suspended between the 
pole-pieces of a magnet, it will be in equilibrium in some position which is 
adjustable by moving D. Actually D was moved and the suspension twisted 
until the test body would hang as nearly as possible with the dividing walls 
parallel and perpendicular to the line joining the pole pieces, both when the 

'S H. Erikson, Phys. Rev. 34, 635 (1929). 

'® In one of his papers," Glaser performed two experiments to show that water vapor 
does not enter his apparatus at this point. One consisted in showing that P.O; was not at- 
tacked in a tube sealed to his system near the measuring apparatus; the other consisted in 
showing that a glass rod which changed its resistance when water vapor was adsorbed on its 
surface, did not do so in the course of a series of measurements. One can only say that these 


measurements are not quantitative and until one knows how little water vapor can be detected, 


no inference can be drawn. 
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magnet was on and off. If now, with the field on, a gas is admitted to the 
chambers A, the test body will evidently be deflected in such a way that A 
will approach the pole-pieces if the gas is paramagnetic, or recede from them 
if it is diamagnetic. The advantage of this test body over that used by 
Glaser is that it is made entirely of diamagnetic glass, and consequently, the 
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Fig. 2. Diagram of apparatus. Fig. la. and ib. Diagram of test body. 


magnetic forces acting on it are practically independent of the temperature. 
The advantage over Hammer’s test body lies in its symmetry, so that the 
magnetic forces acting on it do not have to be compensated by a large twist 
of the supporting fiber. In this way, the zero position (position of rest in 
a vacuum) is made practically independent of the field strength and of 
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the temperature. J/ is a mirror by means of which changes in position 
are read off on a scale 3 meters away. The suspension consisted of two 
small quartz hooks with a fiber drawn out between them. The test body 
hangs in the chamber shown in Fig. 2. The lower part is a Dewar flask. 
Liquid air or other condensed gases may be admitted at G into a chamber 
surrounded by a vacuum. In the present investigation, the chamber G 
contained air at room temperature. The inner chamber in which the test 
body was suspended had four openings; /, for admitting gases was fused 
to the purifying train; W, where a large plane window was sealed on 
with picein; and the lid, sealed at ZL and N with picein. N was introduced 
to lower and raise the test body, as the method of drawing the fiber made 
it impossible to predetermine its length to more than approximately 1 cm. 
To the lid were fused the glass tubes V terminating in a spiral of small thin 
tubing containing a platinum wire used as a resistance thermometer with 
terminals at F. J/ is a glass collar drawn in perspective which, when the test 
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Fig. 3. Diagram of cleaning train. 


body was in place, came just below R, Fig. la, so that if in lowering the sys- 
tem into its container the fiber should break, the test body would be caught 
by /7 instead of dropping to the bottom of the container. 

For the preliminary experiments the purifying train was very simple, 
consisting of a small quartz furnace, containing copper wire, a tube con- 
taining CaCl, and finally a liquid air trap. With this apparatus, the effect 
of light and y-rays was investigated, and found to have no influence on the 
shape of the pressure susceptibility curves, as mentioned above. The gases 
used were taken from steel cylinders under pressure. The first measurements 
were made on CO, and the curves in Fig. 4 obtained. The liquid air trap 
was, of course, not in operation. The system was so slow in coming to rest 
that before proceeding with the measurements, a small damping coil of 
copper wire was attached to the rod D, Fig. la. This greatly improved the 
accuracy with which readings could be made. The next measurements were 
made with No, and the curves in Fig. 5 repeated several times, alternately 











1578 FRANCIS BITTER 


with and without liquid air. These experiments indicated that the critical 
factor was purification and that probably the water vapor given off by the 
CaClh'? (which has a partial pressure of about 0.3 mm) was responsible 
for the departures of the observations from linearity, since the introduction 
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Fig. 4. Pressure susceptibility curve of undried C) 


of a liquid air trap gave readings along a straight line. Consequently, the 
cleaning train was rebuilt with a view to carefully checking the effect of im- 
purities. The system built is shown in Fig. 3. The tank containing the gas 
to be measured is connected to the system at A. B is a gasometer containing 
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Fig. 5. Pressure susceptibility curves. | and No. 


pump oil, and was a great convenience in admitting the gases. D is a quartz 
tube 60 cm long and 2.5 cm in diameter filled with copper wire. At either 
end the tube was fused to short pieces of smaller tubing and these sealed with 


17 This CaCl, was in the system while adjustments were being made, and had already 


taken up a good deal of water. The partial pressure of 0.3 mm is given in A. Goetz, Physik 
und Technik des Hochvakuums, p. 114, Second Edition, 
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sealing wax to the two way stopcocks Cand E. The tube D was first covered 
with asbestos, then wound with chromel resistance wire in such a way that 
the near end from the point of view of gas entering the system could be kept 
red hot, while the far end did not glow at all. F is a bulb containing O. 
for measurements on gases mixed with Os. From this point, there were two 
approaches to the measuring apparatus. One went through a wash bottle 
H] containing an 85°; mixture of H.SO, and H:O whose specific gravity was 
1.775. Such a mixture has according to the Landolt Bernstein Tables a vapor 
pressure of 0.15 mm. This path could be isolated from the system by means 
of the stopcocks G and J, and these were not opened until the first measure- 
ments with dry gases were finished. The other path went through three 
drying tubes, each about 1 meter long and 2-3 cm in diameter. The first 
contained CaCl, the second P.O;, and the third P:O; spread on glass wool. 
At this point the two paths joined again and were connected through a large 
stopcock to the pumps, a McLeod gauge, a mercury manometer, and to 
the apparatus through a glass spiral containing approximately 2 meters of 
glass tubing which could be immersed in liquid air. Immediately before 
the measuring apparatus a small discharge tube with a quartz window was 
fused to the system, so that a photograph of the spectrum of every gas could 
be taken immediately after a measurement. The procedure in filling in a gas 
was to pump out the whole apparatus from EF on, except for the measure- 
ments with dry gases, in which the wash-bottle 7/7 was not evacuated. In 
about 10 minutes the pressure could be reduced to 10-* mm. The oil in the 
gasometer was sucked up to the stopcock B, which was then closed. The gas 
to be measured was then blown through the apparatus from A and out at £. 
Then the furnace ) was heated and H, flushed over the copper to activate it. 
Then more gas was flushed through from A to remove the H,.. Then E was 
closed and B opened until the gasometer was full, when the stopcock A was 
closed. Then by opening £, gas could be let into the measuring apparatus 
from the gasometer. In this way the system could be filled without applying 
a vacuum to the reducing valve on the gas tank. Before beginning measure- 
ments the apparatus was filled and evacuated two or three times. The mag- 
net was operated by a bank of storage batteries, giving 21 amperes and the 
current kept constant to about 0.017. The coils were immersed in trans- 
former oil which was cooled with water circulation, so that with the above 
current, the magnet was at a temperature only a few degrees above room 
temperature. 

With this equipment the experiments were resumed. The first gas ex- 
amined was CQ.. The results of three runs are shown in Fig. 6. The gas 
went through the drying tubes at the rate of about 2 liters an hour. The 
spiral L was at room temperature. Although the points are somewhat 
scattered about the line drawn in the figure, there can be little doubt that 
they lie along a straight line. All measurements on CO, were complicated 
by the fact that in spite of the damping, the test body would continue to swing 
over a range of a few tenths of a millimeter for some time, usually about 1) 2 
hour, sometimes longer, and these swings were not perfectly regular. The 
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effect was especially large at atmospheric pressure. Apparently the swinging 
would die down and then suddenly start up again. This effect was observed 
only with CO, not with a vacuum, or air, or Og or Ny or Hy in the apparatus. 
The observed points on Fig. 6 at atmospheric pressure are indicated by a 
line, as no single definite deflection could be obtained. Further, the zero 
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Fig. 6. Pressure susceptibility curve of dried CO». 


position of the apparatus did change between runs, as observed by Glaser 
in his papers. The cause of this zero-shift has not been determined. [| am 
of the opinion that it is due to the changes in adsorbed layers on the test 
body, and hope eventually to build an apparatus that can be baked out to 
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Fig. 7. N» band spectrum in varying degrees of purity. 


test this point. The next measurements were made on N, with and without 
a liquid air trap, and three runs gave points lying on a straight line at least 
as closely as the points in Fig. 5. The spectroscopic photographs for Ne 
proved to be the only useful ones. With CO, and Hs, small impurities of 
QO. and H.O did not show. The spectrograph used was a small one made by 
Hilger with a quartz prism for use in the ultraviolet. In Fig. 7, are repro- 
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ductions of sample photographs. All three photographs were given the same 
exposure, 30 secs, with the same current and were taken with a gas pressure 
of about 3 cm in the discharge tube. 

The first photograph was taken with N» passed over the hot copper, CaCl, 
P.O; and the liquid air trap. In the second, the liquid air trap was removed. 
In the third, the liquid air trap was replaced but the furnace which heated 
the copper turned off. In the first picture, the NO bands are entirely absent. 
In the second, they begin to appear. This means that the water vapor which 
has passed all three drying tubes is sufficient, on dissociation, to produce a 
detectable amount of NO. The NO bands in the third photograph are due 
entirely to the Oz, present in the gas, as it comes from the tank, all water 
having been absorbed!’ in the liquid air trap. A gas analysis showed that 
the Nz in the tank contained only 0.6°¢ of Or. 
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Fig. 8. Pressure susceptibility curves of H», with varying amounts of water vapor. 


The next measurements were made on Hz dried over P2O;, but not with 
liquid air. This gave a very small Glaser effect. Upon the introduction of 
liquid air, however, a further run gave a perfectly straight line. The inter- 
pretation of this seems very straightforward; namely, that in spite of pre- 
liminary flushings over the copper in the furnace, this was not completely 
reduced, and that therefore, the H, entering the drying tubes contained more 
water vapor than any of the gases previously used; if this is so, it follows that 
a drying train, in all 3 meters in length, left sufficient amounts of water vapor 
in the gas to be detectable. It is also interesting to note that the one gas in 


18 With longer exposure times the NO bands would appear even on photographs of N» as 
pure as I could make it. That this was due to the heating of the electrodes could be shown by 
taking two photographs of 30 secs duration each immediately after each other. The second 
showed NO bands, while the first did not. This sets a lower limit to the amount of water vapor 
detectable, but this is surely very small, as P2:Os has a vapor pressure of 10~‘mm and ice 
at liquid air temperatures 10-’mm. See Goetz,"? 
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which Hammar observed a Glaser effect was He, which, for the reasons given 
above, probably contained more water vapor than either Nz or CO. The 
view that the H2 leaving the furnace was very wet is further substantiated 
by the next measurements. The liquid air was removed and the gas admitted 
to the apparatus via the wash bottle 7/7. The first runs gave very large Glaser 
effects, as in the lower curve in Fig. 8, but after considerable flushing, it was 
possible to repeat several times the curve in Fig. 8, which showed an inter- 
mediate Glaser effect. If the gases were saturated in the wash bottle, this 
corresponds to a water vapor pressure of .15 mm. 

The results obtained so far seemed fairly conclusive, except for COs, 
where it might conceivably be contended that the straight line in Fig. 6 
is due to just that amount of O, (1°¢) impurity which according to Glaser 
destrovs the anomaly. The first argument against such a view is that the 
furnace certainly purified Nz so that nothing like 1°¢ of Oy was left as an 
impurity, and that consequently, there is every reason to believe that it 
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Fig. 9. Pressure susceptibility curve of the mixture 89% CO.+11%% On. 


did the same for CO.. The problem can, however, be attacked from another 
angle. According to Glaser,'' the paramagnetic mixture of CO, plus about 
11°, Os should definitely show an anomaly at low pressures. This was tried 
with the gas dried in the train described above, and the observations indi- 
cated no such effect. The results are plotted in Fig. 9. The concentration of 
O, in this experiment was calculated on the basis of the relative deflections 
for the mixture and pure CO,. Deflection for CO, plus O2/Deflection for pure 
CO, = +7.5/—9.0 = —.83. According to Glaser, an anomaly should certainly 
be observed for O. concentrations corresponding to values of the above ratio 
between —.9 and 0. This effectively disposes of the argument that normal 
behavior of COs, is due to a 1% Ov impurity, since such normal behavior is 
found in a mixture which certainly contains much more than 1% of Os. 

In conclusion, I wish to take this opportunity of expressing my apprecia- 
tion of the very beautiful work done by Mr. William Clancy in blowing the 
glass parts of the apparatus previously described. 
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Prompt publication of brief reports of important discoveries in physics may 
be secured by addressing them to this départment. Closing dates for this depart- 
ment are, for the first issue of the month, the twenty-eighth of the preceding month; 
for the second issue, the thirteenth of the month. The Board of Editors does not 
hold itself responsible for the opinions expressed by the correspondents. 


Scattering of Alpha-Rays and High Speed Electrons in Radial Fields 


Wentzel,! Sommerfeld,?, and Mitchell,? 
among others, have derived by the wave 
mechanics first approximation formulae for 
elastic scattering of alpha-rays and high speed 
electrons in spherically symmetrical fields. 
They all use Born’s perturbation method and 
ditfer from each other only in their assump- 
tions as to the potential fields that represent 
the scattering system. The fundamental ex- 
pression, however, from which their particular 
scattering formulae may be derived, by the 
special assumptions as to the potential func- 
tions, may be written as: 


OS uw eee 
=) == f pV (p) sin pud - (1) 
lyol rEvd 9 


where |(y1/o) | is the absolute value of the 
ratio of the amplitude of the scattered alpha- 
ray or electron wave at a large distance r 
from the scattering atom, to that of the inci- 
dent wave, and is a function of the argument 
u. E is the energy of the particle, M its mass, 
and K?=82*ME/h?; u=2K sin 6/2 where 0 
is the angle of scattering. V(p) is the poten- 
tial energy of the particle when it is at a dis- 
tance p from the center of the scattering 
system. 

A Coulomb potential V(p) should the- 
oretically lead to the Rutherford scattering 
formula, but as it gives a divergent integral, 
Wentzel assumed that V(p) =(A/p)~*?. Som- 
merfeld made essentially the same assump- 
tion, though he justified it physically by 
deriving it from the wave mechanical model 
of a nucelus screened by its electrons con- 
centrated in the K shell. Mitchell, supposed 
the electrons to be distributed as in the 
Thomas-Fermi statistical theory of the 
heavier atoms. These various assumptions 


do lead to scattering formula which differ 
from the Rutherford formula only to the 
extent that the V(p) assumed differ from the 
Coulomb value. 

As experimentally it is definitely estab- 
lished that deviations from Rutherford’s 
formula do occur, Sommerfeld,? Kirchner,‘ 
and Mott® have attributed these deviations 
to the electron distributions about the nuclei 
of the scattering atoms, and consequent 
deviations from the Coulomb potential. 
These authors have computed by Eq. (1) the 
scattering to be expected from certain types 
of potential function and have compared them 
with the observed scattering. But since we 
are after all more interested in a direct de- 
termination of the potential field and electron 
distribution within an atom than in merely 
checking observed with predicted scattering 
formulae according toassumed typesof poten- 
tial field, we propose to reverse the problem 
heretofore considered. Thus we propose to 
determine directly the potential field V( ) 
and the electron distribution from the observed 
scattering. 

This problem can be solved, in principle, 
by applying Fourier’s reciprocal theorem to 
Eq. (1); we then obtain: 


Ef? yh) 
V(p)=- ~{ t | sin pudz (2) 
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The classical charge density o is then given by: 


1G. Wentzel, Zeits. f. Physik 40, 590 
(1927). 

2 A. Sommerfeld, Erganzungsband, p. 226. 

3 A.C. G. Mitchell, J. of Franklin Institute. 

‘F. Kirchner, Naturwiss. Jan. 24, 1930. 

5 N. F. Mott, Nature, Dec. 28, 1929. 
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where ¢ is the charge of the alpha-particle or 
electron 

Although physically « and hence y¥1 ¥ 
is only defined for 0 <7 S$ 2A, the integration 
in (2) and (3) implies that the functional form 
of yy, /¥ is to be used, as derived from the 
experimental curves. And even when the 
integration can only be carried out graphic- 
ally, the region for «>2AK may be safely 
neglected anyway except for very small y 
values of p, since A will always be at least 
of the order of 10° for any case to which the 
present approximation applies. In fact, the 
major difficulty in carrying out the integra- 
tions is for small values of u, for these give 
the largest contribution to the integrals, 
while at the same time the values of ¥; ¥ 
for small values of « will be the most uncertain 
since accurate scattering measurements at 
small angles are very dithcult. Computations 
are now being made to test the possibility of 
making reasonable extrapolations and de- 
riving reasonable distributions by equations 
(2) and (3). 

We may point out, too, that Eq. (3) gives 
the net charge distribution, of both the 
nuclear positive charge and the enveloping 
electronic charge. Thus to the extent that the 
data can be obtained with accuracy and the 
integration carried out accurately, it will 
afford a means of studying the charge dis- 
tribution of the nucleus as well as of the 
electrons. Heretofore, the nucleus has been 
considered as a point charge so that o would 
have meaning only for p>0O and then give 
the electron density only. From our present 
point of view we need make no such assump- 


tion, but rather determine simultaneously 
the positive and negative charge distribution 
which gives the resultant scattering (yy; Yo 
Of course, if o turns out to be negative for 
all p>O it would be proof that the nucleus is 
essentially a point charge, but we do not have 
to assume this to begin with. 

It is of interest to note that if we assume 
the Rutherford scattering formula: yy; y 

A v?, we immediately get from Eq. (2) the 
Coulomb potential, and avoid Wentzel’s con- 
vergence difficulty. It is easily verified also 
that using Sommerfeld’s formula: yy; /y~o 
= 7?°+d? we get his expression for V()). 

Finally, it may be observed that our point 
of view of reversing the problem of scattering 
as heretofore considered, may also be applied 
to the interpretation of x-ray scattering in- 
tensities. In this problem, the structure 
factor, F, which determines the interference 
of the scattered rays and depends on the 
charge distribution of the scattering atom, 


may be expressed as: 


; 4rr sin @ 
sin ar 
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F= 


d wee dg 
4 sin J 
where U(r) 477° is the charge density, as- 
sumed to have spherical symmetry, at a dis- 
tance 7 from the center of the scattering sys- 
tem, @ is the angle of reflection, and \ is the 
wave-length. An inversion of this integral 
will again give directly the charge distribution 
as an integral of the same type as (2) with 
the observable function, F, in the integrand. 


Morris MtsKAT 


Gulf Research Laboratory, 
Pittsburgh, Pa., 
May 31, 1930 


Nuclear Electrons 


It has been suggested by Heitler and Herz- 
berg (Naturwissenschaften 17, 673, 1929) to 
explain the observations of Rasetti (Proc., 
Nat. Acad. Sci. 15, 515, 1929) on the Raman 
effect in No that the electron in the nucleus 
loses its spin and its contribution to the sta- 
tis‘ics of the nucleus. If all the nuclear par- 
ticles (electrons as well as protons) are effective 
in determining whether the nuclear spin fac- 
tor makes the total ¥ function symmetrical 
or antisymmetrical in the nuclei, there is 
great difficulty (cf. R. S. Mulliken, Trans. 
Faraday Soc. 25, 644, 1929) in explaining the 


fact that in the Raman spectrum of N»2 the 
transitions between the even rotational levels 
are the stronger, whereas for H. the Raman 
lines representing transitions between odd 
rotational levels are more intense. For both 
H. and No» have a '= normal state, built up 
out of two equal atoms in S states, each with 
an odd number of nuclear particles (1 for the 
H atom, 21 for the N atom). And therefore, 
since for both molecules A =0, and since the 
electron configurations are in both cases 
composed of closed shells, making  /, for the 
external electrons an even number, one would 
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expect the odd K levels to be the stronger 
levels, symmetrical in the nuclei. 

If, however, only the nuclear protons have 
a spin, then the interchange of electrons in the 
two nuclei does not affect the symmetry of 
the W function. Consequently the nuclear 
spin factor will make the total ¥ function 
either symmetrical or antisymmetrical in the 
nuclei, according as the number of protons is 
even or odd. But the stronger K levels should 
always be symmetrical in the nuclei with re- 
spect to the nuclear spin factor, and so a rule 
that ¥ must be symmetrical in the nuclei if 
the number of protons is even, antisym- 
metrical in the nuclei if the number of protons 
is odd, would require that the even K levels 
be stronger in N, (14 protons) and the odd K 
levels be stronger in H,2 (1 proton). There is 
then no contradiction with previous conclu- 
sions as to the electronic configuration of 
the normal state for N. and He. Further- 
more, there is now also agreement with the 
2:1 alternating intensity ratio found in the 
N2* bands, for this ratio requires a nuclear 
spin =1-h/2z for the N atom, which is to 
be interpreted as a parallel orientation of the 
spins of the two protons in excess of a-particle 
configurations, The nuclear spin =3/2-h/27 
recently reported by Harvey and Jenkins 
(Phys. Rev. 35, 789, 1930) is, as they sug- 


gest, additional evidence in support of the 
view that the spin of the electron is not ef- 
fective in the nucleus. 

In this connection it is interesting to recall 
that the radius of a non-rotating Lorentz 
electron of mass 8.994(10)~-"8 gm calculated 
on classical electromagnetic theory is 
1.88(10)-'* cm, whereas that of a Lorentz 
electron with a spin of a half quantum which 
has a mean mass equal to the figure above is 
3.98(10)-% cm. On the other hand, a Lorentz 
proton of mass 1.661(10)~** gm has a radius 
of 1.02(10)~'* cm if it has no rotation and a 
radius of 2.15(10)~'* cm if it is assumed to 
have a half quantum of spin. If the radius of 
the nucleus is of the order of magnitude of 
10-'* cm as suggested by experiments on 
the scattering of a-rays, these figures indicate 
that the size of a spinning electron is too great 
to permit its inclusion in the nucleus. It may 
be for this reason that nuclear electrons have 
no spin. The dimensions of a spinning proton, 
on the other hand, are of the same order of 
magnitude as those of the nucleus. 

LEIGH PAGE 
Wittiam W. Watson 
Sloane Physics Laboratory, 
Yale University, 
May 21, 1930. 


Concerning the Existance of a New Term in Hg I 


T. Takamine! and T. Suga have recently 
made an excellent photographic investigation 
of the near infrared spectrum of Hg. On their 
spectrograms they find two new series of lines 
given by XY —m'S,; and X—m'D; having a 
common final term of value 15299 cm~!. They 
state that this new term is of the nature of a 
P term but that other evidences would cer- 
tainly be necessary before its reality is 
established. It is the purpose of this note to 
present other evidence which supports their 
assumption. 


Sharp Series 


Aves v Veale Int? 
15300A | 6536 —6534 | 30. 
19705 5075 5077 4.2 
10711 9336 9332 1.1 
8786T 11381 11384 
7979T 12532 12532 
7552T 13241 13239 
7294T 13710 13707 
7126T 14033 














All of the lines of longer wave-length 
except two (outside of the region covered) 
necessary to complete the two series appear 
on the writer's’ records of this spectrum and 
were reported as unclassified lines. These 
two series with the writer’s additions are 
tabulated below. The value of X is taken as 


1T,. Takamine and T. Suga, Sc. Pap. 
I. P. C. R., No. 232, 13, (1930). 

2E. D. McAlister, Phys. Rev. 34, No. 8, 
Oct. 15 (1929). 


Diffuse Series 


Avec y Peale | Int.? 
2547 
12131A 8243 8245 32 
9245T 10817 10818 
8198T 12198 12201 
7678T 13024 13027 
7370T 13568 13562 
7175T 13937 
7045T 14195 
6948T 14393 
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15297 em™' since this gives a closer agreement 
between observed and calculated frequencies 
the included. 


Fowler's term values are used. 


when writer's additions are 

Takamines’ 
lines are marked with a T. 

Of particular interest is the first line (nega- 
tive rear) of this “sharp” series \=15300A 
(Avae Paschen*) which is one of the strong 
lines in the infrared spectrum of Hg. Paschen! 
attempted to use it as the first line of another 
series but this attempt failed to gain recogni- 
tion. It does not fit into the once-ionized Hg 
scheme and appears much too strong in the 
arc spectrum to be a spark line. Hence this 
assignment of it to Takamine’s series seems 
quite reasonable. 

The deviations from the calculated values 
are somewhat larger than is desirable but the 
discrepancies are probably due to the diffi- 
culty of accurate wave-length measurements 
in this region. The intensity? (mm deflection) 
of the first three lines in the “sharp” series 


and of the second line in the “diffuse” series 
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are particularly convincing as to the correct - 
ness of the present assignment. The writer 
has the “diffuse” 


Asie =9243A appearing on Takamine’s pic- 


inserted in series a line 


tures which he did not include. This line 
appears as a sharp line on all of Takamine’s 
pictures while most of the others in this series 
are diffuse or “washy.” This must be why 
Takamine does not include it. However the 
photographic method undergoes an enormous 
change in sensitivity between this line and 
the others in this series, and also the other 
lines appear much sharper on his one hour 
exposure than they do on the 10 hour one. It 
thus seems likely that this line really belongs 
to the series. 
EK. D. McALisTER 
Physics Department, University of Oregon, 
Eugene, Oregon, 
May 31, 1930. 


’ Paschen, Ann. d. Physik 27, 558 (1907). 


*Paschen, Ann. d. Physik 29, 663 (1909), 


Boundary Conditions in Wave Mechanics Reply to Criticism 


Mr. Eckart's letter in the May 15th issue 
of the Physical Review about my paper of 
April 15th on the above subject seems to call 
for some reply. If the potential varies sutti- 
ciently gradually from the constant value 
zero to a constant value J’ then there is no re- 
flexion and if there is no reflexion for a par- 
ticular wave-length there will be none for any 
shorter wave-length. My calculation showed 
that there may be no reflexion at the layers 
on the surfaces of metals because the thick- 
ness of these layers may be sufficient to allow 
the variation to be 
gradual for this when E>V’", 
this the usual boundary conditions at a dis- 


potential sufficiently 


According to 


continuity may not be applicable to these 
layers. I therefore suggested new boundary 
conditions giving no reflexion when E>J”’ 
which can therefore be used with these layers 


when they give no reflexion with E>V’. 


I also suggested that these new boundary 
conditions may be correct for an actual dis- 
continuity if such a thing can exist. 

Mr. Eckart suggests that the absence of 
reflexion is due to the potential variation act- 
ing like an étalon with a spacing of one 
quarter-wave length. The distance in which 
the potential changes may be made any 
multiple or fraction of a wave-length, without 
reflexion, by suitably changing the constant 
8 so that I do not think the action is really 
at all analogous to that of an étalon. 

I quite agree with what Mr. Eckart says 
about the very limited generality of the 
solution of the wave equation which I ob- 
tained. 

H. A. Witson 

Rice Institute, 

Houston, Texas, 
June 6, 1930. 


Ionization Potential of Carbon 


The ionization potential of carbon was 
estimated as 11.2 volts by Fowler and Selwyn 
(Proc. Roy. Soc. A118, 34, 1928). The basis 
for this estimation was the C I spectrum 
which they arranged into series for the first 
time and a comparison of this spectrum, which 
was not extensive enough for accuracy, with 
that of the related spectra of N II] and O III. 


In my work on the helium continuous 
spectrum (Phys. Rev. 35, 1113, 1930) I had 
noticed that a series of lines shone brightly 
in the ultraviolet when the stopcock grease 
contaminated the helium. I followed up this 
observation by purposely introducing carbon 
monoxide into the helium with the result 
that the spectrum of C I has been greatly 
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extended in the vacuum region and some new 
In this 
note I shall deal only with a small phase of 


features of this spectrum observed. 


the data now on hand, namely that concerned 
with the ionization potential of carbon. The 
fuller treatment is reserved for the complete 
paper that will be published when the ex- 
amination of these data is finished. 

The most obvious feature of the new ultra- 
violet spectrum is that it contains three series 
of multiplets that converge to the same three- 
fold limit, the *P». . of the atom. 
been measured to eight members and form 
the basis of the present determination of the 
The 


series multiplets are not resolved after the 


These have 


ionization potential of normal carbon. 


first three members so one has to deal with 
diffuse lines for the higher terms. Fortunately, 
however, the middle series is much stronger 
than the other two. It stands out like a ridge 
It is the 
middle series that has been used for the cal- 


in the mist and is easily measured. 


culation of the terms and the ionization po- 
tential. 

The following is a list of the “ridge” groups: 
\1649.93 (2), (uncertain if C I), 1277.53 (5) 
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seen as triplet in second order; 1193.17 (5), 
1158.02 (4); 1139.80 (3); 1129.12 (2); 1122.32 
(1); and 1117.68 (0). The series limit is 
A =90834 cm! and the effective quantum 
numbers for the above lines are 1.905; 
2.955; 3.952; 4.948; 5.949; 6.952; 7.955; and 
8.970. It is seen that this is very nearly a 
Rydberg series. The values are not too 
smoothly arranged but are as good as the 
nature of these unresolved multiplets when 
superimposed on two other converging groups 
might be expected to yield. 

Using the known values of the separations 
of the lowest *P term of C I, and assuming 
that the above limit refers to its center of 
gravity, the term values have been calculated 
to be *P,.=90817.7, *P,;=90845.2 and *P» 
=90860. The metastable levels 'D and 'S 
listed by Fowler and Selwyn lie 1.179 volts and 
2.593 volts respectively above the *Po state, 
and the ionization potential of the carbon atom 
from the *P», lowest normal state, is 11.217 
volts. 

Joun J. HOPFIELD 

University of California, 

May 23, 1930. 


The Ultraviolet Light Theory of Aurorae and Magnetic Storms 


The ultraviolet light theory of aurorae and 
magnetic storms! contained some unsettled 
points and some conclusions in disagreement 
with observation. The further development 
of the theory of the outer atmosphere? and 
the recognition of an effect hitherto unseen 
have now automatically removed the dis- 
crepancies. So that the theory, with no change 
in the original assumptions, begins to assume 
a more finished appearance. The new effect 
has emerged directly from the results of 
Page. Page showed, on the assumption of 
an earth with no excess charge, that the long 
free path ions in the upper atmosphere would 
drift westward. We now point out that the 
westward drift is hindered by collisions of 
the ions with the neutral molecules of the 
atmosphere which move approximately with 
the earth’s rotation. 
drance there is a displacement of positive ions 


As a result of the hin- 


to polar regions and negative ions to equa- 
torial regions. This sets up an electric field 


which, together with the earth’s magnetic 


field, causes the high flying ions to move par- 
tially with the angular velocity of the earth. 
They descend into the 50° to 70° latitudes 
during the evening hours to cause aurorae and 
the diurnal variation phase of the world wide 
magnetic storms. With the new 
the electrical conductivity’ of the upper at- 
mosphere the diurnal variation phase is seen 
to be due to the gravitational magnetic drift 
currents set up by the polar ionic concentra- 


values of 


tions. Agreement is secured throughout with 
the observations. The second phase of the 
world wide magnetic storm is found to arise 
mainly from reactions in the atmosphere 
rather than to induced currents in the earth. 
E. O. HULBURT 
Naval Research Laboratory, 
Washington, D. C., 
May 28, 1930. 

1 Phys. Rev. 33, 412 (1929), 34, 344 (1929). 

Rev. 34, 1167 (1929), 35, 240 


> Phys. 
(1930). 
§ Page, Phys. Rev. 33, 823 (1929). 
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Elementare Quantenmechanik. \1. BorN anv P. Jordan. Pp. 434. J. Springer, Berlin, 
1930. Price bound RM 29.80. 

This book appears in the “Struktur der Materie” series edited by Born and Franck as the 
second volume of the former's well-known “Vorlesungen uber Atommechanik.” Written by 
the founders of the matrix mechanics, it is the first book on the subject to give a systematic 
and thorough account of the formulation of quantum mechanics by matrix methods. 

The guiding view-point is expressed in the preface: “We are convinced that the true con- 
nection of the classical and the new mechanics lies not so much in the formal similarity of the 
wave-mechanical differential equations and boundary value problems with the methods of 
classical mechanics of continua, as in the correspondence principle of Niels Bohr; we see in 
the new mechanics the rigorous working out of Bohr’s program.” 

The authors have succeeded in giving an admirably clear account of the subject from this 
standpoint. After chapters devoted to mathematical methods and the basic ideas of quantum 
mechanics there is a valuable chapter devoted to theorems on angular momentum from the 
standpoint of invariance under the rotation group. The chapter on perturbation theory gives 
a full account of dispersion theory including natural optical activity and the Kerr and Faraday 
effects The two remaining chapters are devoted to the statistical interpretation of quantum 
mechanics and the quantized electromagnetic wave approach to radiation theory. 

The notation is unwieldy and shows perhaps the richest efflorescence of subscripts, super- 
scripts and diacritical marks that has yet blossomed in any physical treatise. Can we hope to 


understand nature in terms of equations like 


pr 


k ei l k-l 
2U, P= — YS YoU gt PU pi”. 
> ae ey, 

The notation devised by Dirac for his forthcoming book is much simpler and it is to be hoped 
that it rather than that of this book, will be the one to find general acceptance. 

The book is to be recommended as the most important that has thus far appeared on the 
subject. The word elementary in the title has to be taken more in the sense of fundamental 
and first principles, rather than simple, easily understood and suitable for a first introduction 


to the subject. 
E. U. Connon 
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H,0 and KCI solutions, high frequencies, F. H. 
Drake, G. W. Pierce, M. T. Dow—613 
KCI solutions, A. Austin—1428(A) 
Polarization, extension of Van Vleck’s theory, 
C. T. Zahn—1056 
Rochelle salt, temperature effect, C. B. Sawyer, 
C. H. Tower—269 
Rubber, temperature and pressure variation, 
time lag, A. H. Scott—1429(A) 
Tung oil, polarization and electric moment, A. A. 
Bless —1442(A) 
Diffraction of atoms (see Atomic beams) 
Diffraction of electrons (see Electrons, diffraction) 
Diffraction of molecules (see Molecular beams) 
Diffraction of radiation (see X-rays, diffraction) 
Discharge of electricity in gases (see also Arc, 
Spark) 
Anode spots, relation to absorption and emission 
of gases, C. H. Thomas, O. S. Duffendack—72 
Cathode characteristics, R. Tanberg—294(A), 
1080 
Cathode heating by Het, Ne*, At, C. C. Van 
Voorhis, K. T. Compton—1438(A) 
Excitation processes in hollow cathode, R. A. 
Sawyer—1421(A) 
He, high frequency, conductivity, C. J. Brase- 
field—1073; electron velocities—92, 122(A) 
High frequency, characteristics, O. Stuhlman, 
Jr., M. D. Whitaker, M. L. Braun—1436(A) 
Hz, striations, potential relations, J. Zeleny— 
699 

Hg, positive column, T. J. Killian—1238 

Ne, oscillations, G. W. Fox—1066 

Ne, secondary electrons from Ni, W. Uyterhoeven, 
M. C. Harrington—1421(A) 

Plasmoidal, high frequency oscillatory discharges, 
R. W. Wood —658(A), 673 

Rare gases and Hg vapor, positive column, 
collisions of second kind, O. S. Duffendack, 
L. B. Headrick—1421(A) 

Shot effect, abnormal, J. S. Donal, Jr.—1430(A) 

Striations, temperature variation of striations, 
F. M. Sparks, C. T. Knipp—259, 297(A) 

Striations and magnetic effect in electrodeless 


discharges, J. Tykocinski-Tykociner, J. Kunz— 
1436(A) 
Dispersion of light 
By symmetrical top-like molecules, theory, 
M. Muskat—1442(A), 1262 
Dissociation 
Diatomic molecules, by rotation, O. K. Rice— 
1538 
H2, by electron impact measurement, W. Bleak - 
ney, J. T. Tate—658(A), 1180; theory, E. U. 
Condon—658(A) 
Predissociation of diatomic molecules, D. S. 
Villars, E. U. Condon—1028 
Dissociation, heat of (see also Molecular structure 
and constants) 
AgCl, from spetcra, B. A. Brice—960 
AIH, from spectra, D. S. Villars, E. U. Condon— 
1028 
Cd,, J. G. Winans, R. Rollefson—1436(A) 
CO, from spectra, J. Kaplan—957 
O2, from spectra, J. Kaplan—436(L) 
O:, heat of formation, L. C. Copeland—1443(A) 
Double refraction 
Electrical, in gases, J. W. Beams, E. C. Stevenson 
—1440(A) 
Earth (see Geophysics) 
Elasticity 
Metals, mass-weight ratio under strain, P. I. 
Wold—296(A) 
Plastic deformation of ductile metals, A. Nadai— 
1418(A) 
Shear vibrations in quartz, overtones, J. R. 
Harrison—1417(A) 
Tensile stress and conductivity, in permalloy, 
L. W. McKeehan—657(A) 
Torsion of rhombic prisms and cylinders, J. 
Kunz—1417(A) 
Young’s modulus for small stresses, D. K. 
Froman—120(A), 264 
Electrical conductivity and resistance 
Al, changes with working, G. E. Davis, G. 
Greenwood—1429(A) 
Alloys, theory, L. W. Nordheim—1430(A) 
Contact resistance, microphonic action, F. S. 
Goucher—1429(A) 
Electrolytes, variation with frequencies, D. E. 
Richardson—297(A) 
Permalloy, effe:t of stress and magnetic field, 
L. W. McKeehan—657( A) 
Electrical discharge in gases (see Discharge of 
electricity in gases) 
Electric moment (see Dielectric constant) 
Electrolytic phenomena 
E.m.f. location in photovoltaic cells W. N. 
Lowry—1270 
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E.m.f. 
cells, H. E. Hammond 

Polarization capacity and resistance temperature 
effect E. 543 

Resistance at various frequencies D. E. Richard- 
son -297(A) 

Electromagnetic theory 
Constitutive equations C. 


resistance, capac.tance in photovoltaic 
998 


E. Zimmerman 


Kaplan F. D. Mur- 
naghan-—763 
Interaction of field and matter J. R. Oppenheimer 
461 
Magnetic 
Electrons 
Density distribution in equilibrium with hot body, 
A. T. Waterman —668(A) 
Distribution in atoms and molecules, from x-ray 
scattering: He, A. H. Compton—925, 1427(A); 
Cl, G. G. Harvey, G. E. M. Jauncey—1427(A); 
MgO, E. O. Wollan—127(A), 1019 
concentration in universe, L. S. 


poles F. W. Warburton—292(A) 


Equilibrium 


Kassel —778 
Motion in crystals, theory, P. M. Morse—1310 
Nuclear, spin, L. Page, W. W. Watson—1584(L) 


Relation to protons, theory, J. R. Oppenheimer 
562(L) 

Photoelectric (see Photoelectric effect) 

Recombination with alpha-particles: |measure- 
ments, A. H. Barnes—217; A. H. Barnes, B. 
Davis, H. L. Hull—1433(A); explanation, W. 
Band—1128(L); theory, E. C. G. Stueckelberg, 
P. M. Morse —116(L), 659(A) 

Recombination with Hg”, search for critical poten- 
tials, A. M. Cravath—659(A) 

Scattering in radial fields, M. Muskat—1583(L) 

Valence, in diamond, M. L. Huggins, R. Parrish— 
136(A) 


Velocity, direct determination, T. R. Wilkins, 
J. A. Wood—657(A); C. T. Perry, E. L. 
Chaffee—1437(A) 

Electron, charge 
Most probable value, R. A. Millikan—1433(A), 


1231 
Electrons, diffraction 
Crystals, quantum theory, P. M. Morse—1310 
Cu crystal, H. E. Farnsworth—1131(L); satel- 
lites—1432(A) 
Relation to Compton effect, J. Kunz—129(A) 
Electrons in gases 
Absorption coefficients, collision diameters: Cd 
and Zn vapors, R. B. Brode—134(A), 504; He, 
He, A, Ne, Ns, CO, C. E. Normand, R. B. 
1438(A), 1217 


Brode 


Energy losses: He, analysis of ions, W. Bleakney, 
658(A), 1180; He, Ne, ionization 
T. Smith, J. T. Tate—1438(A); 


J. T. Tate 


efficiencies, P. 
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Hg vapor, C. W. Foard—293(A), 1187; Hg 
vapor, analysis of ions, W. Bleakney—123(A), 
139; K vapor, ionization efficiencies, J. Kuns, 
A. Hummel—123(A) 
Mobility and velocity: in CO, H. B. Wahlin 
122(A), 1568; in He, high frequency discharges, 
C. J. Brasefield—92, 122(A) 
Scattering, angular distribution: H and Hg, G. P. 
Harnwell—285(L); He, A, Hz, A. L. Hughes, 
J. H. MeMillen—1438(A) 
Electrons in metals 
Alloys, resistance, theory, L. W. 
1430(A) 
Field currents, temperature dependence, N. A. de 
Bruyne—172 
Electrons, photoelectric (see Photoelectric effect) 
Electrons, scattered (see Electrons in gases) 
Electrons, secondary 
From Au, Ag, Al when bombarded by 16-40 Kv 
cathode rays, P. B. Wagner—98 
From contaminated surfaces, P. 
293(A), 982 
From Ni, by impact of metastable atoms and 





Nordheim 


L. Copeland 


positive ions, W. Uyterhoeven, M. C. Harring- 
ton—124(A), 438(L), 1421(A) 
Electrons, thermionic (see Thermionic emission of 
electrons) 
Electro-optical effects 
Modification of light waves by electrical oscil- 
lations on Kerr cell, L. H. Stauffer—1440(A) 
Element 87 
Presence in pollucite and lepidolite, F. Allison, 
E. J. Murphy—285(L) 
Emulsions 
Particle size, effect of py, I. C. Weeks 
End losses 
Effect on characteristics of filaments, I. Langmuir, 
S. MacLane, K. Blodgett—478 
Faraday effect 
Lag, method of chemical analysis, F. Allison, E. J. 
Murphy—124(A); search for element 87, F. Alli- 
son, E. J. Murphy—285(L) 
Ferromagnetism 
Origin, magnetic and silicon steel, J. C. Stearns 
—1, 292(A) 
Field currents 
Temperature dependence, N. A. de Bruyne—172 
Fine structure (see also Hyperfine structure) 
BeF bands, F. A. Jenkins—315 
PbO bands, A. Christy, S. Bloomenthal—46 
Mo K& doublet, S. K. Allison, J. H. Williams— 
135(A), 149 
Flarimeter 
For testing circulatory fitness, P. V. 
1418(A) 


668(A) 


Wells— 
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Fluorescence 
C.He, spectrum, F. 
1422(A) 
Cs, third principal series line, C. Boeckner 
664(A) 
Iodine, infrared, by Hg arc, F. W. Loomis 
662(A) 
Sensitized, polarization, A.C.G. Mitchell—1422(A) 
X-rays, efficiency, A. H. Compton—127(A) 
Gases 
Equation of state, H. J. Brennen—129(A) 
Persistence of molecular velocities, second order 
reactions, L. S. Kassel—261 
Geiger-counters 
Multiple coincidences, M. A. Tuve—651(L) 
Gelation temperature 
Starch, method of determination, E.C. McCracken 
—1423(A) 
Geophysics (see also Atmospheric electricity) 
Composition of earth interior, A. A. Bless 
1436(A) 
Earth currents, transient, and earthquake, R. 
Hamer—656(A) 
Ice ages, CO, theory, H. B. Maris—1016(L) 
Ozone concentration in atmosphere, R. Ruedy 
295(A) 
Zodiacal light, theory, relation to magnetic storms, 
E. O. Hulburt-—295(A), 663(A), 1098 
Gravitation 
Mass-weight ratio of metals under strain, P. I. 
Wold—296(A) 
Heat conductivity (see Thermal conductivity) 
Heat of Dissociation (see Dissociation, heat of) 
Huyghens principle 
Applicability, G. E. Uhlenbeck—1439(A) 
Hydrodynamics 
Distribution of non-reacting fluids in gravitational 
field, M. Muskat—1415(A), 1384 
Shatter oscillations in liquids, nature and theory, 
E. H. Kennard—428 
Thermal convection, R. W. Babcock—1008 
Variable flow in pipes, theory, H. Bateman—177 
Hyperfine structure 
Effect on polarization of resonance radiation, 
A. Ellett—588 
Error in literature, S. Goudsmit—436(L) 
Mn I, observations and theory, H. E. White, 
R. RitschlI—208(L), 1146 
Mn, predictions, S. Goudsmit—440(L) 
Paschen-Back effect, S. Goudsmit, R. F. Bacher 
129(A) 
Relations between separations, theory, S. Goud- 
smit, R. F. Bacher—126(A) 
Relation to nuclear spin, theory, H. E. White 
441, 664(A) 


Almasy, C. V. Shapiro— 


Intensities in spectra 

Cd, voltage relations, D. Colson —294(A) 

Cr I, Cr II, multiplets, C. E. Hesthal—126(A) 

HCl, vibration-rotation bands, J. L. Dunham 
1347 

He, continuous, maxima, J. M. Dewey—155 

He, variation with voltage, J.Razek, P. J. Mulder 
—1423(A), 1442(A) 

Hg, electrodeless discharge, O. P. Hart, O. Stuhl- 
man, Jr.—1437(A) 

Hg 42537, variation with potential, F. C. Osten- 
sen—286(L) 

In Schumann region, vacuum spectrograph, G. R. 
Harrison—1443(A) 

Lis, isotope effect, A. Harvey, F. A. Jenkins 789 

Multiplets, temperatures of arc, G. R. Harrison 


133(A) 

Ne, multiplets, measurements, HI]. N. Swenson 
126(A) 

Super-multiplet lines, theory, J. H. Bartlett, Jr. 
—229 


Tl I, measurements, O U. Vonwiller— 802 
Interference 
Method of measuring distance, S. H. Chamber- 
lain—663(A) 
Interferometer 
Recording, C. W. Chamberlain—663(A) 
Ionization by Impact 
H., by electrons, analysis of ions, W. Bleakney, 
J. T. Tate—658(A), 1180 
H:, by electrons, theory, E. U. Condon—658(A) 
He, by K* ions, Richard M. Sutton, J. C. Mouzon 
694 
He, Ne by electrons, efficiency 0—5000 volts, P. T. 
Smith, J. T. Tate—1438(A) 
Hg, by electrons, efficiency of production of Hg’, 
Hg?*, Hg**, Hg**, Hg®*, W. Bleakney—-123(A); 
139 
K vapor, by electrons, efficiency, J. Kunz, A. 
Hummel—123(A) 
Ionization by radiation (see Photoionization) 
Ions 
Accomodation coefficient, He*, N*, A*, on Mo 
surface, C. C. Van Voorhis, K. T. Compton 
1438(A) 
Diffraction, H* by crystals, A. J. Dempster 
298(A), 1405(L) 
Motion in gases, excitation of spectra, Hg* in No, 
H. D. Smyth, E. G. F. Arnott-—126(A) 
Motion in gases, ionization, K* in He, R. M. 
Sutton, J. C. Mouzon- 694 
Motion in gases, neutralization, retardation, scat- 
tering, R. B. Kennard—-1129(L); Cs*, Li* in 
Hz and He, J. S. Thompson —123(A), 1196; 
Lit in Hg vapor, I. W. Cox—-123(A) 
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Recombination coefficient, air and oxygen, O. 


Luhr-—1394 
Recombination with electrons, Hg*, A. M. 
Cravath—659(A) 


Reflection; H* from crystals, A. J. Dempster 
298(A), 1405(L); Li* from metals, R. B. Sawyer 
124(A), 1090 

Thermionic emission (see Thermionic emission of 
positives) 

Velocity, direct determination, T. R. Wilkins, 
18 A. Wood—657(A) 

Ions, mobility 


In Cl. and Cl.-air mixtures, L. B. Loeb—137(A), 
184 
In moist and dry air—J. Zeleny—1441(A) 
Isotopes 
Ag and Cl, from AgCl band spectra, B. A. Brice 
960 
C,3, from band spectra, A. S. King, R. T. Birge 
133(A) 
Li, from band spectra, A. Harvey, F. A. Jenkins 
789 
Metals, magneto-optical effect, F. Allison, E. J. 
Murphy—124(A) 
Nis, from band spectra, S. M. Naude—130(A) 
Oyz, disintegrative synthesis, W. D. Harkins, 


A. E. Schuh—130(A); origin, S. C. Lind—1408 
Pb, effect in PbO bands, S. Bloomenthal—34 
Barton—408; in 

radioactive nuclei, H. C. Urey, H. Johnston 
869(L) 
Vibrational shift in band spectra, R. T. Birge 
133(A) 
Joule-Thomson coefficient 
Air, J. R. Roebuck—121(A) 
Real gases, simple equation, J. A. Beattie—643 


Regularities in nuclei, H. A. 


Kerr effect 
Alternating fields, modulation of light wave L.H. 
Stauffer—1440(A) 
In gases, pressure variation, J. W. Beams, E. ¢ 
Stevenson—1440(A) 
X-ray study of molecular orientation, R. L. 
McFarlan—211(L), 1426(A), 1469 
Kinetic theory of gases 
Equation of state, H. J. Brennan —129(A) 
Molecular velocities, direct measure, I. F. Zart- 
man—134(A) 
Persistence of velocities, second order gas reac- 
tions, L. S. Kassel—261 
Light waves 
Modification by electrical oscillation on Kerr cell, 
L. H. Stauffer—1440(A) 
Huyghen’s principle, applicability, G. E. Uhlen- 
beck—1439(A) 


. 
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Luminescence 
Chemiluminescence of Na, J. W. Woodrow, R. M. 
Bowie—1423(A) 
Magnetic fields 
High frequency, intensity measurements, R. H. 
Mortimore—753 
Magnetic storms (see Geophysics) 
Magnetic properties 
Barkhausen effect, propagation along wires, K. J. 
Sixtus, L. Tonks —1440(A); size of discontinui- 
ties, R. M. Bozorth, J. F. Dillinger—733 
Bi, influence of magnetic field on crystal forma- 
tion, A. Goetz—193 


Co, thin films, E. P. T. Tyndall, W. W. Wertz- 


baugher—292(A) 
Ferromagnetism, search for origin, J. C. Stearns 
1, 292(A) 
Moment of Li nucleus, S. Goudsmit, L. A. Young 
1418(A) 


Moment of sulphur molecule, E. J. Shaw, T. E. 
Phipps, W. H. Rodebush——1126(L.) 

Permalloy, effect of stress on resistance in mag- 
netic field, L. W. McKeehan—657(A) 

Rb, susceptibility, C. T. Lane —-977 

Steel, temperature changes accompanying mag- 
netization, W. B. Ellwood——1440( A) 

Susceptibility of pressure 
Francis Bitter 


gases, 
1572 


dependence, 


Magneto-optical effects 

Faraday effect, lag, search for element 87, F. Alli- 
son, E. J. Murphy—-285(L) 

Method of chemical analysis, F. 


Murphy—124(A) 


Magnetostriction 
Measurements by 


Allison, E. J. 


heterodyne method, A. B. 


Bryan, C. W. Heaps—298(A) 
Mathematics 
Least squares, application, W. E. Deming 
665(A) 
Matter 


Electrons and protons, theory; J. 
heimer—562(L) 
Equilibrium with radiation in universe, L. S. 
-778 
Interaction with field, J. R. Oppenheimer—461 
Mechanics, quantum 
Beundary conditions, meaning of wave groups, 
H. A. Wilson—948; criticism, C. Eckart 
1298(L); reply, H. A. Wilson—1586(L) 
Characteristic energy levels, method of calcula- 
tion, W. E. Milne—863 
Cohesion in metals, J. C. Slater——509 
Complex spectra, calculation, W. V. Houston— 


136(A) 


R. Oppen- 


Kassel 





H. 


la- 


Pn- 


ps, 


ila- 
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Dielectric polarization, extention of Van Vleck’s 
theory, C. T. Zahn—1056 

Dispersion and Raman effect for symmetrical top, 
M. Muskat—1442(A), 1262 

Electrons and protons, J. R. Oppenheimer— 
562(L) 

Electrons in crystals, P. M. Morse—1310 

Field theory, W. Band—1015(L) 
Hartree’s method, J. C. Slater—210(L) 
Intensities of super-multiplet lines, J. H. Bart- 
lett, Jr.—229 . 
Interaction of field and matter, J. R. Oppen- 
heimer—461 

Mean life of excited states, A. Bramley, A. C. G. 
Mitchell—1419(A) 

Nuclear spin and hyperfine structure, H. E. 
White—441, 664(A) 

Nuclear spin, effect on x-ray terms, G. Breit— 
1447 

Ortho and para-hydrogen, equilibrium rate, H. 
Hall, J. R. Oppenheimer—132(A) 

Recombination of alpha-particles and electrons, 
E. C. G. Stueckelberg, P. M. Morse—116(L) 

Recombination of electrons with H-like atoms, 
E. C. G. Stueckelberg, P. M. Morse—659(A) 

Pauli’s exclusion principle, interpretation, E. U. 
Condon, J. E. Mack—579; origin, E. H. Ken- 
nard—1127(L) 

Penetration of potential barrier by electrons, C. 
Eckart— 1303 

Predissociation and diffuse spectra, O. K. Rice— 
1551 

Predissociation of diatomic molecules, D. S. Vil- 
lars, E. U. Condon—1028 

Quantum kinetics and the Planck equation, G. N. 
Lewis—1533 

Radiative transitions, probability, J. R. Oppen- 
heimer—939 

Radioactivity and dissociation by rotation, O. K. 
Rice—1538 

Relativity, W. Band—1016(L) 

Rydberg formula, generalization, R. M. Langer 
649(L) 

Schrédinger equation, acoustical analogy, R. B. 
Lindsay—666(A) 

Separation of angles in two-electron problem, G. 
Breit—569 

Spatial distribution of photoelectrons, S. E. 
Szczeniowski—122(A), 347 

Stark effect and electron spin in alkali atoms, 
V. Rojansky— 782 

Stark effect near series limit, J. Dewey—1439(A) 

Stark effect of H atom, F. G. Slack—1170 

Uncertainty principle, general formulation, H. P. 
Robertson—667(A) 


Mechanics, statistical 
Brownian motion, theory, L. S. Ornstein, G. E. 
Uhlenbeck— 1434(A) 
Electron density distribution in equilibrium with 
hot body, A. T. Waterman—668(A) 
Metastable atoms 


Excitation of spectra, R. A. Sawyer—1421(A) 
Fluorescence, sensitized, A. C. G. Mitchell,— 
1422(A) 


Hg, concentration, E. Gaviola—1226 

Hg, life and radius, M. L. Pool— 1419(A) 

Hg mixed with rare gases, effect on field in posi- 
tive column, O. S. Duffendack, L. B. Headrick 
—1421(A) 

Ne, impacts on Ni, secondary electrons, W. Uyter- 
hoeven, M. C. Harrington—124(A), 438(L), 
1421(A) ' 

Meterology 

Cyclones and anticyclones, effect on radio, R. C. 
Colwell—1425(A) 

Ice ages, CO: theory, H. B. Maris—1016(L) 

Origin of snow flakes, J. M. Adams—113(L) 

Ozone concentration in atmosphere, R. Ruedy 
295(A) 

Methods and instruments 

Acoustics interferometry, J. C. Hubbard—1442(A) 

Alloys for vacuum-tight glass-metal joints, D. E. 
Olshevsky—1424(A) 

Bismuth-black as absorber of radiation in bolom- 
eters and thermopiles, A. H. Pfund—1434(A) 

Chemical analysis, magneto-optic method, F. 

Allison, E. J. Murphy—124(A) 

Clock, master, with light-controlled contacts, 
J. V. Hoffacker—121(A) 

Flarimeter for testing circulatory fitness, P. V. 
Wells— 1418(A) 

For determing gelation temperature of starch, 
E. C. McCracken—1423(A) 

For directly measuring corpuscular velocities, 
T. R. Wilkins, J. A. Wood—-657(A); I. F. 
Zartman—134(A) 

For making pictures in relief, Herbert E. Ives— 
1424(A) 

For maintaining low temperatures, R. B. Scott, 
F. G. Brickwedde—670(A) 

For measuring intensity of high frequency mag- 
netic fields, R. H. Mortimore—-753 

For producing high potentials, G. Breit, M. A. 
Tuve, O. DahIl—51 

Glass window mounting for pressures of 30,000 
atmospheres, T. C. Poulter—-297(A) 

High voltage x-ray spectrography and_ radio- 
graphy, F. Sillers, Jr.—1428(A) 

Infrared spectrometer, resolving power, R. B. 


Barnes, A. H. Pfund—1434(A) 
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Interferometer, recording, C. W. Chamberlain 
003(A) 

Measuring distance, interference method, S. H. 
Chamberlain —663(A) 


Oscilloscope, stabilized, F. Bedell, J. G. Kuhn 


657(A) 
Photometer, photoelectric, P. J. Mulder, J. Razek 
1424(A 
Photometry, photographic, in extreme ultraviolet, 


P. A. Leighton, G. R. Harrison—-134(A) 


Radiometer, resonance, J. D. Hardy—662(A) 
Rectifier characteristics, R. Ruedy—-129(A) 
Relays, grid-glow tubes, D. D. Knowles, S. P. 


Sashott—-1431(CA) 

Specific heats of gases, variation with pressure, 
kK. J. Workman—-667(A) 

Spectrograph, vacuum, for intensity measure- 
ments in Schumann region, G. R. Harrison 


1443(A) 
Spectrograph, vacuum, x-ray, C. E. Howe 
1428(A) 

Spectrometer, x-ray, two-crystal, F. K. Richt- 
myer, S. W. Barnes, E. Ramberg —1428(A) 
Thermoregulator, photoelectric, F. G. Brick- 

wedde, R. B. Scott-—670(A) 
Vacuum tubes, high-voltage, M. A. Tuve, L. R. 
Hafstad, O. Dahl—-1400(L) 


X-ray spectrograph, multiple crystal, J. DuMond, 
H. Nirkpatrick —136(A), adjustments and tests, 
H. Kirkpatrick, J. DuMond—136(A) 
Michelson-Morley experiment 


Relation to relativity, W. F. G. Swann—127(A), 
336 
Suggested explanation, N. Galli-Shohat —1418(A) 
Microphone 
Microphone action and contact resistance, F. S. 
Goucher —1429(A) 
Mobility of ions (see Ions, mobility) 
Molecular beams 
Diffraction by crystals, O. Stern—298(A) 
In electromagnetic fields, D. E. Olshevsky— 
659(A) 
Velocities, direct measure, I. F. Zartman—-134(A) 


Molecular structure and constants (see also Spectra, 
molecular) 
AgCl, heat of dissociation, B. A. Brice —960 
Aggregation in solid state, from solubility, A. M. 
Taylor —668(A) 
Be F, from bands, F. A. Jenkins—315 
Cd, heat of dissociation, J. G. Winans, R. Rollef- 
1436(A) 
CO, heat of dissociation, J. Kaplan—957 


son 


CO, heat of dissociation, moment of inertia, R. S. 
Estey— 309 
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CS,, dielectric constant and structure, C. T. Zahn 
848 
CS., NO, electric 
J. W. Williams 
H», para and ortho, equilibrium time, H. 
J. R. Oppenheimer — 132(A) 
Mechanical model to represent dynamic proper- 


moments. C. 


leas 
855 


Schwingel, 


Hall, 


ties, C. F. Kettering, L. W. Shutts, D. H. 
Andrews-~—1422(A) 

NHs;, two types, spectroscopic evidence, J. W. 
Ellis—595 

O., heat of dissociation, J. Kaplan —436(L) 


O», heat of formation, L. C. Copeland—1443(A) 
Organic compounds, relation to Raman effect, 
D. H. Andrews—662(A) 
PbO, rotational constants, nuclear separation, 
A. Christy, S. Bloomenthal—46 
Sulphur, magnetic moment, E. J. Shaw, T. E. 
Phipps, W. H. Rodebush—1126(L) 
Multiplets (see also Spectra, atomic) 
Extension of Houston's and Slater's relations, 
S. Goudsmit —1325 
Nuclear structure 
Disintegrative synthesis of oxygen, W. D. Har- 
kins, A. E, Schuh—130(A), 809 
Electron spin, L. Page, W. W. Watson —1584(L) 
Li, magnetic moment, S. Goudsmit, L. A. Young 
1418(A) 
Nuclear spin and hyperfine structure, H. E. White 
441, 664(A) 
Packing fraction, periodicity, H. Olson—213(L) 
Regularities in list of nuclei, H. A. Barton—408 
Regularities in radioactive nuclei, H. C. Urey, 
H. Johnston—869(L) 
Stability and nuclear spin, W. 
434(L) 


Oscilloscope 
Stabilized, with amplified stabilization, F. Bedell, 
J. G. Kuhn—657(A) 


D. Harkins 


Packing effect 
Periodicity in packing fraction, H. Olson 
Pashen-Back effect 
In hyperfine structure, S. Goudsmit, R. F. Bacher 
129(A) 
Pauli’s exclusion principle 
Interpretation, E. U. Condon, J. E. Mack 
origin, E. H. Kennard—1127(L) 
Peltier effect 
Bicrystals, Thomson effect, H. D. Fagan, T. R. D. 
Collins—421 
Photoelectric effect 
Alkali metals, properties, H. E. Ives, H. B. Briggs 
669(A) 


213(L) 


579; 
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And J phenomenon, T. H. Osgood—1407(L) 

Hg, solid and liquid, characteristics, D. Roller— 
122(A) 

K, thin films, effect of intense electric fields, E. O. 
Lawrence, L. B. Linford—1421(A) 

Na compounds, red sensitive, validity of Ein- 
»stein’s law, A. R. Olpin—670(A) 

Pt coated glass filaments, characteristics, A. K. 
Brewer— 13060 

Selective maxima as function of valence, A. R. 
Olpin—671(A) 

Spatial distribution of electrons, theory, S. E. 
Szczeniowski—122(A), 347 

Spectrophotometer, P. J. Mulder, J. Razek 
1424(A) 

Stopping potentials, effect of red light, A. R. 


Olpin —112(L); E. Marx—1059 
Thermoregulator, F. G. Brickwedde, R. B. Scott 
—670(A) 
Threshold, temperature variation, K. F. Herzfeld 
248 


Work function, reduction by weak fields, W. B. 
Nottingham—669(A), 1128(L) 
X-ray, fluorescence yield, A. H. 
127(A) 
X-ray, space distribution of K and L electrons, 
C. D. Anderson — 1139 
Photography 
Photometry in extreme ultraviolet, P. A. Leighton, 
134(A) 


Compton 


G. R. Harrison 


Stereoscopic, H. E. Ives—1424(A) 
X-ray, quantum theory of exposures, A. P. H. 
Trivelli—662(A) 
Photoionization 


Cs, by line absorption, effect of gases, F. L. 
Mohler, C. Boeckner—664(A) 
Photometry 
Photoelectric, P. J. Mulder, J. Razek —1442(A) 
Photographic, in extreme ultraviolet, P. A. Leigh- 
ton, G. R. Harrison—134(A) 
Photons 
Collisions between, attempt to detect, G. E. M. 
Jauncey, A. L. Hughes—1439(A) 
Photovoltaic cells 
E.m.f., resistance capacitance, H. E. Hammond 
998 
Location of e.m.f., W. N. Lowry—1270 
Plasmoidal discharges (see Discharge of electricity 
in Gases) 
Piezoelectric effect 
Rochelle salt, characteristics, C. B. Sawyer, C. H. 
Tower—269 
Polarization of radiation 
Fluorescence, sensitized, A. C. G. 


1422(A) 


Mitchell 
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Resonance radiation, effect of hyperfine structure, 
A. Ellett—588 


X-rays from thin Al, B. Dasannacharya—-129(A) 
Pole effect 

In vacuum arc, F. T. Holmes — 652(L) 
Porous plug experiment 

Air, measurements, J. R. Roebuck —121(A) 


Real gases, theory, J. A. Beattie 643 
Potentials, critical (see also Spectra) 
Ag La satellites, S. W. Barnes, F. K. Richtmyer 
—661(A) 
Carbon, ionization, from spectra, J. J. Hopfield 
1586(L) 
Hz, ionization, analysis of ions, W. Bleakney, J. T. 
Tate—658(A), 1180 
Hg*, recombination with electrons, A. M. Cravath 
659(A) 
Hg vapor, electron energy losses, C. W. Foard 
293(A), 1187 
Hg vapor, formation of multiply charged ions, 
W. Bleakney——123(A), 139 
In II, ionization, spectra, R. J. Lang—-126(A) 
Sb III, term values, R. J. Lang —445, 664(A) 
TI II, ionization, S. Smith—235 
Potentials, high 
Application to vacuum tubes, M. A. Tuve, G. 
Breit, L. R. Hafstad— 66, 1406(L) 
Method for producing, G. Breit, M. A. Tuve, 
O. Dahl—51 
Pressures, high 
Glass window for withstanding, T. 
297(A) 
Power factor (see Dielectric constant and properties) 
Proceedings of the American Physical Society 
Chicago Meeting, November 29 and 30, 1929-—119 
Stanford Meeting, December 7, 1929-132 
Des Moines Meeting, December 30 and 31, 1929 
—289 
New York Meeting, February 21 and 22, 1930 
656; erratum—1414 
Washington Meeting, April 24 to 26, 1930--1415 


C. Poulter 


Protons 
And electrons, theory, J. R. 
562(L) 
Equilibrium concentration in universe, L. 5. 
Kassel—778 


Oppenheimer 


Radiation 
Emitted by compressed alum in electric field, 1. A. 
Balinkin— 1443(A) 
Equilibrium with matter in universe, L. S. Kassel 
—778 


From heated glass, extreme infrared, C. H. Cart 
wright—415 
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Radio 

Intensity, effect of cyclones and anti-cyclones, 
R. C. Colwell—1425(A) 

Reflection from earth’s surface, L. 
1425(A) 

Radioactivity 

Disintegration constant of actino-uranium, ratio 
Ac to U, A. F. Kovarik-—1432(A) 

Gamma-ray intensity of radium, O. Glasser, V. B. 
Seitz —1432(A) 

Mesothorium 2, maximum energy of beta-parti- 
cles, N. Feather—-1559 

Of Stone Mountain, J. A. Hootman, W. S. Nelms 

1431(A) 

Origin of O,;, S. C. Lind—-1408(L) 

Quantum mechanical theory, O. K. Rice—1538 

Synthesis of Oy, from N, W. D. Harkins, A. E. 
Schuh—-130(A), 809 

Rate of transformation, N. Feather—705 

Regularities in radioactive nuclei, H. C. 
H. Johnston—869(L) 

Radiometer 

Resonance, theory and practice, J. 

662(A) 
Raman effect 

Excited by He arc, new methods, R. W. Wood 
670(A) 

For symmetrical top-like molecules, theory, M. 
Muskat—1442(A), 1262 

HCl, R. W. Wood, G. H. Dieke—1355 

HCl and HBr (liquid) vibration frequencies, E. O. 
Salant, A. Sandow—214(L) 

HNOs, effect of dilution, E. 284(L) 

Organic compounds, relation to molecular struc- 
ture, D. H. Andrews—662(A) 

Organic liquids, R. B. Barnes—662(A), 1524 

Solid organic compounds, specific heats, D. H. 
Andrews, J. C. Southard—670(A) 

SO: spectra, R. G. Dickinson, S. S. West—1126(L) 

Recombination 

Alpha-particles and electrons, measurements, 
A. H. Barnes—217; A. H. Barnes, B. Davis, 
H. L. Hull—1433(A); explanation, W. Band 
1128(L); theory, E. C. G. Stueckelberg, P. M. 
Morse—116(L), 659(A) 

Ions and electrons, Hg*, A. M. Cravath—659(A) 

Ions and ions, air and oxygen, O. Luhr—1394 

Rectifiers 

Characteristics, R. Ruedy—129(A) 

Contact, cupric sulphide-magnesium junctions, 
M. Bergstein, J. F. Rinke, C. M. Gutheil— 
1425(A) 

Reflection of corpuscles 

Alkali metal atoms, from crystals, J. B. Taylor— 

375 


C, Verman 


Urey, 


D. Hardy 


L. Kinsey 
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293(A) 

H atoms, attempt to detect de Broglie waves, 
T. H. Johnson —1432(A) 

H atoms from LiF crystal, T. H. 
1299(L), 1444(A) 

H*, by crystals, A. J. Dempster 


Atoms, from crystals, A. Ellett 


Johnson 


298(A), 1405(L) 


Li* from metal surfaces, R. B. Sawyer-—124(A), 
1090 

Molecules, diffraction by crystals, O. Stern 
298(A) 

Zn atoms from NaCl, H. A. Zahl—293(A) 


Reflection of light 
SmCl;-6H,O comparison with absorption at high 
and low temperatures, S. Freed, F. H. Spedding 
212(L) 
Refractive index 
HO and KCI solution at high frequencies, F. H. 
Drake, G. W. Pierce, M. T. Dow—613 
Au, for C Ka x-rays, E. Dershem—128(A) 
Relativity 
Aberration of light from terrestrial sources, N. 
Galli-Shohat—-664(A) 
Field and matter, interaction, J. R. Oppenheimer 
461 
General, energy-momentum principle, R. C. Tol- 
man-——875; entropy principle 
thermal equilibrium—904 
Michelson- Morley experiment, suggested explana- 


896; weight of 


tion, N. Galli-Shohat—-1418(A) 

Relation to aether drift, W. F. G. Swann—127(A), 
336 

Transformation of oscillation to travelling wave, 
de Broglie’s postulate, V. Karapetoff—127(A) 


Unified field theory and wave mechanics, W. 
Band—1015(L) 

Unified field theory, Schwarzschild’s solution, 
M. Salkover—I 209(L), II 214(L), reply, M. S. 
Vallarta—435(L) 

Unified physical field, W. Band 

Resolving power 

Calcite, for x-rays, S. K. Allison, J. 
—1476 

Crystal grating, limits, B. Davis 


115(L) 


H. Williams 


209(A) 
Resonance radiation 
Cs, third principal series line, 
Boeckner—664(A) 
Hg, absorption in Hg vapor, A. R. Thomas—1253 
Polarization, effect of hyperfine structure, A. 
Ellett—588 
Scattering of light (see also Raman effect) 
In Na vapor, S. A. Korff—435(L) 
Schottky effect (see also Photoelectric effect, Ther- 
mionic emission) 
Thoriated tungsten, N. B. Reynolds—158 


quenching, C. 
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Sedimentation 
Equilibria of colloidal particles, N. Johnston, 
L. G. Howell—274 
Shatter oscillations 
Nature and theory, E. H. Kennard—428 
Shot effect 
Abnormal, in gas discharge, J. S. Donal, Jr.— 
1430(A) 
Of positive ions, effect on space charge limited 
electron current, L. P. Smith—1430(A) 
Oxide-coated filaments, H. N. Kozanowski— 
1430(A) 
Snow flakes 
Origin, J. M. Adams 
Solar physics 
Anomalous rotation of sun, R. Gunn—635 
Spark discharge 


Early stages, time of appearance of spectra, tem- 


113(L) 


perature, ion concentration, E. O. Lawrence, 
F. G. Dunnington—134(A), 396 
Initial stages, time lag in characteristics, J. W. 
Beams, J. C. Street—658(A) 
Time differences in appearance of spectrum lines, 
J. W. Beams—24 
Time lags at overvoltages, J. C. Street 
Specific heats 
Gases, variation with pressure, E. J. Workman — 
667(A) 
Solid organic compounds from Raman spectra, 
D. H. Andrews, J. C. Southard-—670(A) 
Spectra, atomic 
Alkali atoms, Stark effect and electron spin, 
theory, V. Rojansky—-782 
C I, ionization potential, J. J. Hopfield 


1437(A) 


15806(L) 

Cd, voltage-intensity relations, D. Colson 
294(A) 

Co II, analysis, J. H. Findlay—1420(A) 

Complex spectra, method of calculating, W. V. 
Houston —136(A) 

Cr I, Cr II, intensities in multiplets, C. E. Hesthal 

126(A) 

Cs, resonance and quenching of third principal 
series line, C. Boeckner—664(A) 

Excitation, in hollow cathode, R. A. Sawyer— 
1421(A) 

GdCl;-6H:O, line spectra from solid, S. Freed, 
F. H. Spedding—1408(L) 

H, variation with pressure and capacitance, E. O. 
Hulburt—1420(A) 

He, H, N, O, 600-1100A, J. J. Hopfield—1133(L) 

He, continuous, intensity maxima, J. M. Dewey 

155 

He, intensities, J. Razek, P. J. Mulder—1423(A) 

He, intensity-voltage relations, P. J. Mulder, 
J. Razek—1442(A) 


Hg, average lives of 2'P— 23S triplet, R. H. Ran- 
dall, H. W. Webb—665(A) 
Hg, intensity potential relations for \2537, F. C. 
Ostensen—286(L) 
Hg 2° Po; — 25S), mean lives, R. H. Randall, H. W. 
Webb—665(A), 1161 
Hg, relative intensities in electrodeless discharge, 
O. P. Hart, O. Stuhlman, Jr.—1437(A) 
Hg I, new term, E. D. McAlister—1585(L) 
Hyperfine structure and nuclear spin, H. E. White 
—441, 664(A) 
Hyperfine structure, error in literature, S. Goud- 
smit—436(L) 
Hyperfine structure, Paschen-Back effect, S. 
Goudsmit, R. F. Bacher—129(A) 
Hyperfine structure, relations between separa- 
tions, S. Goudsmit, R. F. Bacher—126(A) 
In II, measurements and classification, R. J. 
Lang—126(A) 
In spark discharge, time of appearance of lines, 
J. W. Beams—24 
Interval ratios, rule for sp, sd, sf, configurations, 
E. U. Condon, G. H. Shortley—1419(A), 1342 
Li, magnetic moment of nucleus, S. Goudsmit, 
L. A. Young—1418(A) 
Lu, regularities, W. F. Meggers, B. F. Scribner 
—1420(A) 
Mn, hyperfine structure, H. E. White, R. Ritschl 
208(L) 
Mn I, hyperfine structure, H. E. White, R. Ritschl 
1146 
Mn, prediction of hyperfine structure, S. Goud- 
smit—440(L) 
Multiplets, extension of Houston’s and Slater's 
relations, S. Goudsmit—1325 
Multiplets, intensities, temperature of arcs, G. R. 
Harrison—133(A) 
Na III, Mg IV, Mg V, for ultraviolet, new levels, 
irregular doublet law, J. E. Mack, R. A. Sawyer 
229, 661(A) 
Ne, intensities, H. N. Swenson —126(A) 
Pd, surplus level, A. G. Shenstone—1420(A) 
Rare earths, origin of line absorption spectra, 
O. Laporte—130(A) 
Resonance separations in p*s and d*s configura- 
tions, O. Laporte, D. R. Inglis—1337 
Ru I, analysis, W. F. Meggers, A. G. Shenstone 
868(L) 
Rydberg formula, generalization, R. M. Langer 
649(L) 
Sb III, Sn II, classification, R.]. Lang —445,664(A) 
SmCl;. 6H2O, reflection and absorption, S. Freed, 
F. H. Spedding—212(L) 
Spark discharge, time of appearance of lines, E. O. 
Lawrence, F. G. Dunnington—134(A), 396 
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1439(A) 
H. Bart- 


Stark effect near series limit, J. Dewey 


Super-multiplet lines, intensities, J. 
lett, Jr.—229 

Temperature shift and pole effect in vacuum arc, 
Fk. T. Holmes — 652(L) 

Il I, intensity 
802 


measurements, O. U. Vonwiller 
ll Il, extention and analysis, S. Smith--235 
Spectra, molecular (see also Raman effect) 
Acetylene, ethylene, 6800-9200A, R. M. Badger 
1433(A) 
AgCl, analysis, B. A. Brice 
Air, afterglow, J. Kaplan 


9600 

600 

Bek, wave-lengths, analysis, molecular constants, 
KF. A. Jenkins 

Call, red bands, Zeeman effect, W. W. Watson, 
W. Bender — 1440(A), 1513 


315 


Cad., heat of dissociation, J. G. Winans, R. Rollef- 
son 1436(A) 

C,H; fluorescence, F. Almasy, C. V. Shapiro 
1422(A) 

C,H,, electronic transitions, C. V. Shapiro, R. C 
Gibbs, J. R. Johnson —-1422(A) 

CyH,, emission 2500 3000A, J. B. Austin, I. A. 
Black--452 

CO, comet tail bands, emitter, L. R. Maxwell 
605(A) 

CO, fourth positive bands, new measurements and 


classification, R. S. Estey—-309 


CO, fourth positive bands, wave-lengths, L. B. 
Headrick, G. W. Fox—1033 

CO, new band system, J. Kaplan—-1298(L) 

Cyclohexane, vibration doublets, J. W. Ellis 
$37(1.) 

Excited radicals in compounds, constancy of 


vibration frequencies, C. P. Snow—563(L) 
H». absorption 600-1100A, J. J. Hopfield —1133(L) 
H., (B—A) bands, resonance, H. H. Hyman 
1419(A) 
HCl, vibration-rotation bands, intensities, J. L. 
1347 
Hg band at 2540, origin, R. Rollefson 


Dunham 
1177 
lodine, fluorescence, infrared, by Hg arc, F 
662(A) 

Isotope shift, R. T. Birge 


> We 
Loomis 
133(A) 

A. Harvey, F. A. 


Lis, blue-green absorption, 


Jenkins—132(A), 789 

MgH, A2511 band, Zeeman effect, G. M. Almy, 
F. H. Crawford, E. L. Hill—124(A) 

MgO, blue-green, analysis, P. N. Ghosh, P. C. 


Mahanti, B. C. Mukkerjee—1491 

No, afterglow, R. Ruedy—125(A) 

Ne, excited by positive ion impact, H. D. Smyth, 
E. G. F. Arnott—126(A) 


NH, absorption in visible, R. M. Badger—1038 
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NH, evidence of two molecular types, J. W. 
Ellis——595 
OH bands, Zeeman effect, G. M. Almy—1495 


O., atmospheric new absorption band, H. D. 
Babcock— 12‘ (A) 

Organic liquids, absorption, infrared, E. K. Plyler, 
T. Burdine—605 

Organic liquids, C-H vibration, Raman effect, 
R. B. Barnes--662(A) 

Organic liquids, intensity and position of over- 


tones, P. E. Shearin 973 


PbO, fine structure analysis, A. Christy, S. 
Bloomenthal— 46 

PbO, quantum analysis and isotope effect, S. 
Bloomenthal—34 


Predissociation from high rotational states, D. S. 
Villars, E. U. Condon——1028 

SmCl;: 6H,O, reflection and absorption, S. Freed, 
F. H. Spedding—212(L) 

Spectra, reflection 

SmCl,;: 6H.O, 

Freed, F. H. Spedding 
Spectrograph, Spectrometer 

Infrared, resolving power, R. B. 
Pfund—1434(A) 

Vacuum, for intensity measurements in Schu- 
mann region, G. R. Harrison —1443(A) 

K. Richtmyer, 
Barnes, E. Ramberg—1428(A) 

X-ray, multiple crystals, J. DuMond, H. 
patrick—-136(A); adjustments and _ tests, 
Kirkpatrick, J. DuMond —136(A) 

X-ray, vacuum, C. 1428(A) 

Stark effect 
Alkali atoms, electron spin, theory, V. Rojansky 


782 


with absorption, S. 


212(L) 


comparison 


Barnes, A. 
X-ray, two-crystal, F. Ss. W. 


Kirk- 
H. 


E. Howe 


. G. Slack 1170 
1439(A) 


Hydrogen atom, theory, F 

Near series limit, J. Dewey 
Stars (see Astrophysics) 
Sun (see Astrophysics) 
Surface tension 

Glass, molten, W. B. 

296(A) 

Retention of liquids in assemblages of homo-, 

Smith, P. D. Foote, 


Pietenpol, H. H. Scott 


geneous spheres, W. O. 
P. F. Busang—1416(A) 
Susceptibility, magnetic (see Magnetic properties) 
Thermal conductivity 
Solution of general equation for certain cases, 
R. L. Peek, Jr.—554 
Thermal convection 
In fluids, R. W. Babcock 
Thermal expansion 
Carboloy, measurements, P. Hidnert 


1008 


120(A) 
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Cu-Ni-Sn alloy, P. Hidnert, W. T. Sweeney— 
667(A) 

Pb, measurement, P. Hidnert, W. T. Sweeney— 
296(A) 

Thermal radiation 
Of glass for \>50u, C. H. Cartwright—415 
Thermionic emission of electrons 

Composite surfaces, work function, effect of fields, 
W. B. Nottingham—1128(L); ion-grid theory, 
J. A. Becker, 1431(A) 

Electron density distribution in equilibrium with 
hot body, A. T. Waterman—668(A) 

From various filaments, effect of end losses, I. 
Langmuir, S. MacLane, K. B. Blodgett—478 
Oxide-coated filaments, characteristics, E. F. 

Lowry—668(A), role of base metal, E. F. 
Lowry—121(A), 1367; shot effect, H. N. 
Kozanski—1430(A) 
Pt-coated glass filaments, characteristics, A. K. 
Brewer—1360 

Relation to surface heat of charging, K. F. 
Herzfeld —248 

Shot effect, abnormal, in Ne gas, J. S. Donal, Jr.— 
1430(A) 

Thoriated tungsten, variation with extent of 
thoriation, W. H. Brattain—1i431(A); contact 
e.m.f., Schottky effect, N. B. Reynolds,—158 

Work function, space charge interpretation, R. S. 
Bartlett—669(A) 

Thermionic emission of positives 

From thoriated tungsten, H. B. Wahlin—653(L) 

From W and Mo, characteristics, L. P.Smith—381 

Shot effect, effect on space charge limited electron 
currents, L. ?. Smith—1430(A) 

Thermodynamics 

Dalton-Gibbs law, test, L. J. Gillespie—1435(A) 

Entropy in general relativity, R. C Tolman—896 

Equation of state for gases, H. J. Brennen—129(A) 

Excitation of nerves, theory, N. Rashevsky 
1435(A) 

Homogeneous coordinates, uses, H. J. Brennan 
294(A) 

Joule-Thomson effect, theory, J. A. Beattie—643; 
measurements with air, J. R. Roebuck—121(A) 

Mixtures of real gases, theory, J. A. Beattie— 
1435(A,) 

Nernst heat theorem, H. J. Brennen—121(A) 

Simultaneous irreversible processes, L. Onsager — 
666(A ) 

‘Systems with several equilibria, N. Rashevsky 
666(A 

Third law, W. H. Rodebush—210(L) 

Thermoelectric properties 

Bi crystals, Peltier and Thomson effects, H. D. 

Fagan, T. R. D. Collins—421 
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Thermoregulator 


For low temperatures, R. B. Scott, F. G. Brick- 
wedde—670(A) 
Photoelectric, F. G. Brickwedde, R. B. Scott 
670(A) 
Thomson effect in Zn crystals, L. 
667(A), 989 
Thomson effect (see Thermoelectric properties) 
Transitions, radiative 
Probability, theory, J. R. Oppenheimer —-939 
Ultrasonic waves 
Velocity measurements, C. D. Reid--814 
Uncertainty principle 
In acoustics, G. W. Stewart—1441(A) 
Formulation and classical interpretation, H. P. 
Robertson—667(A) 
Vacuum tubes 
For high-voltages, M. A. Tuve, G. Breit, L. R. 
Hafstad—66; M. A. Tuve, L. R. Hafstad, O. 
Dahl—1406(L) 
Grid-glow tube relays, D. D. 


A. Ware 


Knowles, S. P 


Sashoff—1431(A) 
Valence 
Valence electrons in diamond, location, M. L. 


Huggins, R. Parrish —136(A) 
Viscosity 
Dependence on molecular space arragement, R 
L. Edwards, G. W. Stewart- -291(A) 
Of compressed gases, J. H. Boyd, Jr.—1284 
Voltmeter 
Vacuum tube, improvements, R. H. Mortimore 
753 
Wave equation 
Huyghens principle, G. E. Uhlenbeck— 1439 A) 
Work function (see Thermionic emission) 
X-rays, absorption 
Au, for Ka, E. Dershem-—128(A) 
Temperature independence, J. A. 
1443(A), 1463 
X-rays, diffraction, reflection and scattering (sce also 
Compton effect) 
Alcohols, molecular association, G. W. Stewart 
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terminals. Its principal use is in 
measuring radio field intensity 
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eAnnouncement... 


We wish to announce to our customers recent changes in 
the executive and administrative personnel of our company. 


J. M. Roberts, for many years a valued Director and our 
Secretary, has retired from all his activities with the com- 
pay. 

A. H. McConnell and H. C. Arms have resigned their re- 
spective offices of President-Treasurer and Vice President, 
but continue to maintain their active association with the 
company and serve as an Executive and Finance Committee. 








It is with special pleasure that we announce that Paul E. 
Klopsteg, Director in charge of our Development and Manu- 
facturing Division, Sterling L. Redman, Director in charge 
of our Sales and Purchasing Division, and C. P. McConnell, 
Director in charge of our Operating and Service Division, 
ate elected officers of the company as follows: 


Vice President 
Secretary and Treasurer 





We appreciate the favor of your business in the past years 
and assure you of our earnest desire to increase the useful- 
mess and value of our service for the future. 


CENTRAL SCIENTIFIC COMPANY 
A. H. McConneLL, 
H. A. ARMS, 


Executive Committee 
June 1st, 1930 
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